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Abstract

X-ray computed tomography (CT) enables the non-destructive investigation
of the internal structures of a specimen and is nowadays used in a wide range
of applications. While CT imaging with nanometer resolution (nanoCT) of bi-
ological soft-tissue samples is routinely performed at synchrotron facilities,
such investigations remain a challenging task in the laboratory. This is be-
cause most currently available laboratory-based CT devices are limited to a
resolution in the micrometer range. Furthermore, the attenuation properties
of soft tissue are intrinsically weak at X-ray energies typically used at such
devices, which hampers the imaging of soft-tissue samples.

This thesis presents contributions to overcome the aforementioned limi-
tations of laboratory-based nanoCT imaging of biological samples. First, we
developed a new laboratory nanoCT system based on a nanofocus source
and a single-photon counting detector. Together with the implemented data
processing framework, this system enables to routinely and efficiently gen-
erate 3D data with a resolution down to 150 – 200 nm. Furthermore, we in-
troduced suitable sample preparation and contrast-enhancement techniques
that allow for nanoCT imaging of biological specimens with high soft-tissue
contrast.

The method was subsequently applied to study soft-bodied invertebrates
showing that this approach allows for 3D visualization and 3D analysis meth-
ods that are not possible with commonly used imaging techniques in this
research field. This enabled novel insights into the 3D anatomy of the investi-
gated species. For example, we were able to reconstruct the entire muscular
system of a velvet worm limb for the first time, which allowed us to draw valu-
able conclusions about the functionality of such a soft-bodied leg and the
locomotory system of velvet worms.

The investigations of volumetric soft-tissue samples from different mouse
organs showed that nanoCT imaging combined with suitable X-ray staining
can provide virtual slices with comparable detail visibility as in conventional
histological sections but without physical cutting of the specimen. Further-
more, it enabled the isometric 3D visualization of complex tissue architec-
ture and the utilization of advanced volumetric analysis methods, opening the
door to a broad range of future applications in histology and histopathology.
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Zusammenfassung

Röntgencomputertomografie (CT) ermöglicht die zerstörungsfreie Analyse
der inneren Struktur einer Probe und findet heute in unterschiedlichsten Be-
reichen Anwendung, wie zum Beispiel in der medizinischen Diagnostik und
der Materialforschung. In den letzten Jahren wurden insbesondere große
Fortschritte in der Untersuchung von biologischem Weichteilgewebe mittels
hochauflösender CT erzielt. Mithilfe von hochbrillanter Synchrotronstrahlung
sind heutzutage CT Messungen solcher Proben mit Auflösungen im Nanome-
terbereich (NanoCT) möglich. Anderseits stellt diese Art von Untersuchun-
gen noch immer eine große Herausforderung für laborbasierte CT-Systeme
dar. Die Hauptgründe hierfür sind die Beschränkung der meisten Laborge-
räte auf Auflösungen im Mikrometerbereich und der geringe intrinsische Ab-
sorptionskontrast von Weichteilgewebe bei den typischerweise im Labor ver-
wendeten Röntgenenergien.

Die vorliegende Arbeit liefert Beiträge zur Weiterentwicklung der labor-
basierten NanoCT-Bildgebung von biologischem Weichteilgewebe. Zuerst
wird ein neu entwickeltes NanoCT-System basierend auf einer Nanofokus-
Röntgenquelle und einem photonenzählenden Röntgendetektor vorgestellt.
In Kombination mit optimierten Datenprozessierungs- und Rekonstruktions-
methoden kann dieses System sehr hohe Auflösungen, im Bereich von
150 – 200 nm, erzielen. Im Weiteren werden Probenvorbereitungs- und Kon-
trastierungstechniken präsentiert, die einen hohen Weichteilkontrast in CT-
Untersuchungen von biologischen Proben erzeugen. Anhand von Anwen-
dungsbeispielen aus verschiedenen Bereichen der biologischen Bildgebung
werden die Möglichkeiten und Beschränkungen der Methode analysiert.

Die durchgeführten Studien an Stummelfüßern und Bärtierchen zeigten,
dass NanoCT-Bildgebung neuartige Möglichkeiten in der 3D Darstellung und
Analyse solcher Organismen bietet. Dies ermöglichte neue Einblicke in die
Anatomie dieser Tiere, z. B. konnte zum ersten Mal die vollständige Bein-
muskulatur eines Stummelfüßers rekonstruiert werden, was wichtige Auf-
schlüsse über die Fortbewegungsweise dieser Tierart lieferte.

Für NanoCT-Untersuchungen von Gewebeproben verschiedener Maus-
organe wurden die Organe zuvor mit neuartigen Röntgenfärbungsmethoden
behandelt. Die präsentierten Ergebnisse ermöglichen eine vergleichbare
Visualisierung von Weichteilgewebe wie in Mikroskopiebildern von histolo-
gischen Schnitten mit dem Vorteil, dass jede beliebige Schnittebene virtuell
dargestellt werden kann und kein physisches Schneiden der Probe notwendig
ist. Im Weiteren bietet NanoCT die Möglichkeit komplexe Gewebestrukturen
in 3D zu untersuchen, was mit konventionellen histologischen Methoden nur
begrenzt möglich und äußerst aufwendig ist.
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Chapter 1

Introduction

When Wilhelm Conrad Röntgen discovered in 1895 that X-rays could pen-
etrate matter that is opaque for visible light, he directly understood that this
“new kind of rays” could be used to investigate the inner structure of an object
non-destructively. He demonstrated this by acquiring the first radiographic
images in history, among them the famous image of the hand of his wife
[Roentgen, 1896]. Shortly after their discovery, X-rays found extensive use
in a broad range of applications. For instance, radiographic X-ray imaging
has been used in clinical diagnostics since the beginning of the 20th century
but initially with the drawback that depth information along the direction of
the X-rays was lost. This limitation was overcome with the advent of digital
electronics and computers.

Beginning in the 1950s, Allan McLeod Cormack [Cormack, 1963] and Sir
Godfrey Hounsfield [Hounsfield, 1973] developed a new technique called X-
ray computed tomography (CT), for which they were awarded the 1979 Nobel
Prize in Physiology or Medicine [Nobel Prize, 1979]. CT imaging allows for
the reconstruction of the three-dimensional distribution of the attenuation co-
efficient of an object and has become an invaluable tool in a large variety of
fields, such as medical diagnostics, industrial testing, and scientific research.
Over the years, the demand for higher resolution in CT imaging created new
research fields, commonly known as X-ray microCT imaging (resolutions be-
tween approximately 1 µm and 100 µm) and X-ray nanoCT imaging (resolu-
tions below 1 µm).

By combining highly brilliant radiation and various kinds of optical el-
ements, microCT and nanoCT have been performed at synchrotron facil-
ities for many years [Haddad, 1994; Niemann, 1976]. Nowadays, dedi-
cated nanoCT instruments can resolve details well below 100 nm in size
[Kalbfleisch, 2011; Mokso, 2007; Yin, 2006].

In contrast, CT devices designed for laboratories were limited to a reso-
lution in the low micrometer range for many years, mainly due to limitations
associated with the spot size of the X-ray sources available. More recently,
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1. INTRODUCTION

a number of approaches have been developed to overcome this resolution
constraint.

Several research groups showed that nanometer-scale X-ray spot sizes
could be generated by using a scanning electron microscope [Bruyndonckx,
2010; Mayo, 2003] or an electron probe micro-analyzer [Hanke, 2009] to
point a highly focused electron beam at a suitable metal target. This method
allows the visualization of feature sizes below 100 nm in projection images.
However, CT imaging at a comparable resolution remains a challenging task
with such a device. In contrast, lab-based X-ray transmission microscopes
using rotating anode generators [Tkachuk, 2007; Zeiss, 2018b], combined
with high-resolution Fresnel zone plates [Baez, 1961] acting as objective
lenses, can acquire CT data with 50 nm resolution but have several draw-
backs compared to lens-free devices, such as the limitation to very small
sample sizes.

For conventional CT systems without X-ray optics, the demand for higher
resolution led to the development of X-ray tubes with advanced electron op-
tics and thin transmission targets, the so-called nanofocus tubes. In recent
years, several commercial [Bruker, 2018; GE, 2018; Kastner, 2015; Rigaku,
2018; Zeiss, 2018a] and custom-built devices [Dierick, 2014; Kim, 2007;
Salamon, 2008] based on nanofocus tubes have been introduced. These
devices rely on conventional X-ray detectors, e.g., scintillation-based CCD
cameras, and are limited to a resolution of 400 nm.

Another recent trend in CT imaging is the implementation of so-called
single-photon counting detectors [Delpierre, 2014], which were initially de-
veloped for applications in high-energy physics [Anghinolfi, 1992]. These
cameras offer many benefits compared to conventional detection systems in-
cluding the capability of energy discrimination, the absence of dark current
and readout noise, and a very sharp detector point spread function. So far,
these detectors are mainly used in diffraction beamlines at synchrotrons and
in devices for medical imaging with relatively coarse resolution; however, their
potential for laboratory-based nanoCT has not yet been fully explored.

A fundamental drawback of attenuation-based CT imaging is the ham-
pered visualization of soft tissues in biological organisms, due to the weak
attenuation of such materials for the X-ray energies typically used. Therefore,
in the past, most examinations that required high soft-tissue contrast had to
be performed using another imaging technique. In clinics, non-invasive meth-
ods, such as magnetic resonance imaging or sonography, provide a high
soft-tissue sensitivity, but their limited resolution impedes investigations on
the microscopic level. On the other hand, microscopic techniques, such as
optical microscopy and electron microscopy, allow for soft-tissue visualization
down to the nanoscopic level. However, most of these methods have their
strength in 2D visualization as the sample thickness which they can handle
is relatively limited and physical sectioning is required for larger specimens.
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1.1. OUTLINE OF THE THESIS

In contrast, nanoCT imaging with high soft-tissue contrast enables the non-
destructive collection of a 3D dataset of a specimen, thereby having a great
potential for applications in biological and medical imaging.

In the last two decades, a variety of phase-contrast imaging techniques
have been introduced [David, 2002; Davis, 1995; Momose, 1995; Wilkins,
1996] that allow for X-ray imaging with strongly enhanced soft-tissue sensitiv-
ity. These methods rely on the phase shift induced by the investigated object
instead of the attenuation. They are particularly interesting for clinical imag-
ing methods since they do not require any additional invasive steps, such
as the injection of a contrast agent. For X-ray imaging of non-living speci-
mens, the soft-tissue contrast can be further increased by treating the sam-
ple with contrast-enhancing staining solutions [Metscher, 2009a; Pauwels,
2013]. This approach has great potential for the study of histological and
histopathological specimens, as it allows for the visualization of specific tis-
sue structures similar to conventional histology.

This thesis focuses on the advancement of laboratory-based nanoCT
imaging of biological soft-tissue samples. First of all, we present the “TUM
NanoCT”, a novel lens-free nanoCT for the laboratory comprising a prototype
nanofocus source and a single-photon counting detector. We characterize
the performance of this system for high-resolution CT applications and inves-
tigate different approaches to improve the soft-tissue contrast in biological
samples including various preparation, staining, and data processing meth-
ods. Furthermore, we explore the potential of our methodology by applying
it to different fields of biological research and comparing our results to data
obtained using common imaging techniques in the relevant fields.

1.1 Outline of the thesis

In the first part of this thesis, we provide the theoretical background nec-
essary to understand the work of this project. In Chapter 2, we introduce
the basic concepts of electron physics with the focus on the processes rele-
vant for the generation of X-rays using transmission tubes. The fundamental
principles of X-ray physics are presented in Chapter 3. After reviewing the
concepts of free-space propagation, we explain the interaction mechanisms
of X-rays with matter. Finally, we discuss contrast formation in X-ray imag-
ing with a particular focus on phase-contrast effects in the near-field regime.
Chapter 4 provides a brief review of linear system theory focusing on image
formation in shift-invariant systems and their spatial system responses. In
Chapter 5, we discuss the basic principles of computed tomography, followed
by a short introduction to the filtered backprojection algorithm and statistical
iterative reconstruction with a model based on Bayesian statistics.

In the second part, we present the newly developed nanoCT system and
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1. INTRODUCTION

the associated processing framework. In Chapter 6, the working principle of
the TUM NanoCT is explained, and the individual hardware components are
described in detail. Chapter 7 provides an overview of the image process-
ing methods and tomographic reconstruction algorithms used to obtain high-
quality 3D reconstructions from raw data acquired with the TUM NanoCT.

In the third part of this thesis, the experimental results of this work are
shown. A detailed characterization of the TUM NanoCT is presented in Chap-
ter 8. There, we focus on the performance characteristics for high-resolution
CT imaging and compare our results with data and specifications from other
nanoCT systems. In Chapter 9, we present nanoCT studies of small soft-
bodied invertebrates, namely, onychophorans and tardigrades. Furthermore,
we investigate suitable sample preparation and data processing techniques
for imaging of soft-tissue samples with the TUM NanoCT, and compare our
method to other imaging techniques commonly used in biological research,
such as electron microscopy and confocal laser scanning microscopy. In
Chapter 10, we show nanoCT data from histological tissue specimens treated
with novel X-ray staining methods. There, we perform comparative analyses
with microscopy data from conventional histological sections to explore the
potential of nanoCT imaging for future histological investigations.

Finally, in Chapter 11, we sum up the most important results and conclu-
sions of this work and suggest possible future improvements regarding the
hardware and software of the TUM NanoCT. Furthermore, we give an outlook
about potential applications of nanoCT imaging in the future.
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Part I

Theoretical background





Chapter 2

Basic electron physics and
generation of X-rays

Nowadays, there exist several types of X-ray sources relying on different
physical concepts. The generation of highly brilliant1 X-rays at synchrotron
facilities is based on curved trajectories of relativistic electrons enforced ei-
ther by bending magnets or by so-called insertion devices, such as wigglers
and undulators [Als-Nielsen, 2011; Attwood, 1999; Willmott, 2011]. In con-
trast, recently developed compact light sources [Loewen, 2004] rely on the
inverse Compton scattering between relativistic electrons and infrared laser
photons to generate an X-ray beam of high brilliance in the laboratory [Bech,
2009; Eggl, 2016; Loewen, 2004]. Furthermore, there are X-ray sources
based on laser-induced plasmas [Attwood, 1999; Kepros, 1972; Mallozzi,
1974; Rymell, 1993] or triboluminescence [Camara, 2008], i.e., the energy
release caused by relative motion of two contacting surfaces [Walton, 1977].
However, the oldest and still most commonly used method to generate X-
rays is by means of so-called X-ray tubes. Here, electrons are accelerated in
vacuum to hit a metal target, where they interact with the atoms of the target
material causing the emission of a distinctive X-ray spectrum. In this chapter,
we focus on the basic concepts of electron physics necessary to understand
the working principle of an X-ray tube. For further information about other
X-ray sources, the interested reader is referred to the textbooks by Attwood
[Attwood, 1999], Als-Nielsen and McMorrow [Als-Nielsen, 2011], and Will-
mott [Willmott, 2011].

The basic design of most X-ray tubes consists of two parts. An electron
gun that generates, accelerates and manipulates an electron beam and a
target, where the X-rays are created (Fig. 2.1). In principle, there are two

1The concept of brilliance is used to characterize the quality of an X-ray beam. It ba-
sically combines the X-ray flux, the beam divergence, the source size and the relative en-
ergy bandwidth (BW) in a single quantity and is defined as [Als-Nielsen, 2011, Sec. 2.2.1]:
brilliance = (photons/s)/[(mrad)2(mm2 source area)(0.1 % BW)].

7



2. BASIC ELECTRON PHYSICS AND GENERATION OF X-RAYS

electron optics

anode

cathode

transmission target

electron beam

Figure 2.1: Schematic illustrating the main components of a transmission-based
X-ray tube. In the electron gun, the electrons are emitted from the cathode and
accelerated towards the anode. Afterwards, the electron beam is manipulated and
focused by electron optics. When the electrons hit the target, they interact with the
atoms of the target material and cause the emission of X-rays. Figure adapted from
[Tuohimaa, 2008a].

types of target geometries. In reflection mode, the electrons hit the target
with an incident angle smaller 90 ◦ and create an X-ray beam that exits the
target at the same surface. In contrast, in transmission mode, the electron
beam hits the target perpendicularly, and the X-rays are emitted on the op-
posing surface of the target (Fig. 2.1). The photon flux of an X-ray tube is
usually limited by the heat capacity and heat conductivity of the used target
materials, such as tungsten, molybdenum or copper. However, the X-ray flux
can be significantly increased by either using a rotating anode [Clay, 1934;
Powers, 1938] or a liquid-metal jet [Otendal, 2007; Tuohimaa, 2005; Tuohi-
maa, 2008b] instead of a stationary target.

Nanofocus X-ray tubes, such as the NanoTube, use advanced electron
optics to point a highly focused electron beam on a very thin transmission
target, thereby creating X-ray spot sizes in the nanometer range. Conse-
quently, this chapter focuses on a brief description of the main processes
occurring in such a transmission tube. Similar treatments of this topic can
be found in [Ferstl, 2015; Tuohimaa, 2008a]. More comprehensive introduc-
tions to electron physics and optics can be found in the literature, e.g., in the
textbooks by Orloff [Orloff, 2009], Sedlacek [Sedlacek, 1996], and Egerton
[Egerton, 2005].

2.1 Electron emission

The main purpose of the cathode in an X-ray tube is to emit a high num-
ber of free electrons at a constant rate. In general, there are three different
kinds of electron emission mechanisms, namely, thermionic emission [Sed-
lacek, 1996, Sec. 2.2.1], thermal-field emission [Orloff, 2009, Chap. 1] and
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energy
T ~ 300 K
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Figure 2.2: Illustration of the thermionic emission mechanism. (a) At room temper-
ature, the entire Fermi-Dirac distribution fFD, which describes the energy distribution
of the electrons, is below the vacuum energy EV at room temperature. (b) For ele-
vated temperatures, the tail of the Fermi-Dirac distribution extends over the vacuum
level causing electron emission. Figure adapted from [Tuohimaa, 2008a].

cold field emission [Hawkes, 1989, Sec. 44.5]. Thermal-field and cold-field
emission cathodes can only be operated under ultra-high vacuum conditions
and provide relatively low electron beam currents, rendering those cathode
types not suitable for the generation of the required X-ray fluxes. Conse-
quently, most cathodes installed in microfocus and nanofocus X-ray tubes
rely on thermionic emission. This process can be theoretically described by
the modified Richardson-Dushman equation [Tuohimaa, 2008a], [Sedlacek,
1996, Sec. 2.2.1]:

J = AT 2 exp

[
−e(φw − φqt)

kBT

]
, (2.1)

where J is the current density of the emitted electrons, A is a material con-
stant, T is the temperature of the cathode, and e = 1.60·10−19C is the elemen-
tary charge. Moreover, φw represents the material dependent work function,
and φqt is the correction factor for quantum tunneling, which is highly depen-
dent on the cathode geometry.

The physical principle of thermionic emission is illustrated in Figure 2.2.
For high enough temperatures, free electrons from the conduction band are
thermally excited over the vacuum level and leave the material, thereby gen-
erating an electron cloud at the surface of the material, which can be accel-
erated to form an electron beam.

In principle, all metals and semiconductors emit electrons when heated to
sufficiently high temperatures. Nevertheless, several criteria have to be con-
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Wehnelt
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electron
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(with respect 
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Figure 2.3: Schematic of the typical cathode arrangement using a conical LaB6
cathode with a microflat emitter surface. The electron emission from the conical
surface is suppressed with an electrical field from a biased electrode, e.g., a Wehnelt
cylinder. Figure adapted from [Sewel, 1991].

sidered when selecting a cathode material for a specific application, such as
vacuum requirements, operation temperature, surface roughness, porosity
and the cathode lifetime. A commonly used thermionic emitter in microfocus
X-ray tubes is the single crystal lanthanum hexaboride (LaB6), as it provides
high emission currents and has modest vacuum requirements, a long lifetime
and a high surface flatness. In Figure 2.3, a typical cathode arrangement
with a LaB6 emitter crystal is shown. To generate a small emitter surface,
the emission from the conical surface is inhibited by applying a bias field.
The zero equipotential describes the spatial coordinates where the superim-
posed acceleration and bias fields cancel out each other. Under ideal condi-
tions, the zero equipotential intercepts with the truncated tip of the cathode
near the edge of the microflat (see blue line in Fig. 2.3), resulting in electron
emission from the flat surface only [Sewel, 1991].

2.2 Electron acceleration

To form a well-defined electron beam, the emitted electrons are accelerated
in an electrostatic field. This is usually realized by setting the cathode to a
constant negative electrical potential and the anode to ground potential. The
maximum achievable beam energy using this acceleration principle is limited
to ≈0.5 – 1 MeV by the effect of high voltage breakdown [Tuohimaa, 2008a],
i.e., electric arcing between the electrodes that is mainly caused by the resid-
ual gas molecules in the vacuum system. To reach electron energies in the
MeV or GeV range, more advanced techniques, such as radio frequency
(RF) acceleration, are used [Wangler, 2008], [Sedlacek, 1996, Chap. 8.6].

10



2.3. ELECTRON OPTICS

The acceleration voltages of X-ray tubes used in medical and biological ap-
plications are typically limited to approximately 150 kV, whereas considerably
higher voltages are used in non-destructive testing applications.

2.3 Electron optics

As electrons are charged particles, magnetic and electric fields can be used
to manipulate an electron beam into the desired shape and size. The Lorentz
force describes the motion of charged particles:

dp

dt
= q (E + v ×B) , (2.2)

where p represents the relativistic momentum, q the electric charge, E the
electric field, v the particle velocity, and B the magnetic field. Since the
calculation of the electron trajectories within an externally manipulated elec-
tron beam is in most cases too complicated to be performed analytically, the
effects of electron lenses are usually simulated by applying numerical tech-
niques [Rouse, 1989; Zhu, 1989].

Under ideal conditions, the profile of the electron beam in the plane per-
pendicular to the propagation direction z can be described as a rotationally
symmetric 2D Gaussian function centered on the optical axis (see Fig. 2.4):

G(r⊥, Imax, σ) = Imax exp

[
−
(

r⊥√
2σ

)2
]
, (2.3)

where Imax is the maximum intensity of the distribution, σ represents the stan-
dard deviation and r⊥ is the distance from the optical axis. The width of the
beam profile can be described by the full width at half maximum (FWHM) of
the Gaussian function, which is defined as: FWHM = 2

√
2 ln(2)σ.

When an electron beam is focused by a radially symmetric electron lens,
the FWHM of the beam depends on its position along the propagation axis
(see Fig. 2.4) and can be expressed as:

FWHM(z) =

√
FWHM2

opt +
[
θ
(
z − zopt

)]2

, (2.4)

with the beam waist FWHMopt, the focusing angle θ (in radian) and the posi-
tion of the minimum beam width zopt.

2.3.1 Electron lenses

The optical elements typically used to manipulate the trajectories of elec-
trons can be subdivided into magnetic [Orloff, 2009, Chap. 4] and electro-
static lenses [Orloff, 2009, Chap. 4]. A magnetic lens usually consists of an
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Figure 2.4: Schematic illustrating the dependence of the electron beam size on
its position along the propagation axis z. At the position of the beam waist zopt, the
width of the beam profile reaches its minimum value FWHMopt. Figure adapted
from [Ferstl, 2015].

arrangement of multi-turn coils surrounded by field conducting magnetic ma-
terials, which are used to enhance the magnetic field strength and to confine
the field into a well-defined region. Electrostatic lenses, on the other hand,
use superimposed electrostatic fields for beam manipulation. Here, the field
distributions are determined by the geometrical shape and charge distribu-
tion of the used conductor. Magnetic lenses have several benefits compared
to their electrostatic counterparts, such as reduced aberrations and no re-
quirement for high-voltage insulation. Consequently, most high-performance
applications rely on magnetic lenses.

Both types of electron lenses can be further classified according to their
geometrical arrangements. Rotationally symmetric lenses are the most com-
monly used electro-optical elements and are mainly employed for focusing
and imaging formation, whereas dipole lenses are typically used to deflect
the electron beam. Furthermore, there are multi-pole elements usually uti-
lized for strong focusing (quadrupole lenses) or aberration reduction (sex-
tupole and octupole lenses).

For X-ray generation in microfocus and nanofocus X-ray tubes, the main
task of the employed electro-optical elements is to form a symmetrically fo-
cused, high-intensity electron spot at a defined position on the transmission
target. Therefore, the electron optics of such a device usually include at least
one rotationally symmetric focusing lens and further elements for deflection
and alignment of the beam. The typical layout of a nanofocus transmission
tube including the arrangement of the electro-optical elements is depicted in
Figure 2.5.

In reality, electro-optical focusing systems are far from perfect and suffer
from various kinds of aberrations. These effects can be classified into three
categories [Egerton, 2005, Sec. 2.6]. Axial aberration effects, which even oc-
cur on the optical axis, include chromatic and spherical aberrations as well
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Figure 2.5: Schematic showing the basic design of a nanofocus X-ray tube. The
applied grid voltage UG determines the bias field of the cathode and thereby the
emission angle of the electrons. After high-voltage acceleration, the electron beam
is manipulated in the optic column, which comprises a deflection unit and a pair of
magnetic focusing lenses. Figure adapted from [Tuohimaa, 2008a].

as axial astigmatism, whereas off-axis aberrations comprise the coma effect
and off-axis astigmatism. Moreover, there are field aberrations effects such
as field curvature and distortion. In a well-aligned electron focusing system,
the axial aberrations have by far the largest impact on the resulting focal spot.
Chromatic and spherical aberrations cannot be completely eliminated by lens
design but can be reduced by using a strong focusing lens and an electron
beam with a small energy bandwidth. Axial astigmatism is often compen-
sated by using a weak magnetic quadrupole or octupole lens, a so-called
stigmator, which corrects for small deviations in the focusing power of a much
stronger focusing lens [Egerton, 2005, Sec. 2.6]. For a more detailed intro-
duction to aberrations in electron optics, the reader is referred to the literature
[Scherzer, 1936], [Orloff, 2009, Chap. 6], [Egerton, 2005, Sec. 2.6].
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2.4 Electron-matter interactions

When an electron beam hits a target material, the occurring electron-matter
interactions cause various physical effects, which can be classified into the
following categories:

• heat generation

• Auger electrons

• secondary electrons

• backscattered electrons

• X-ray emission - characteristic and bremsstrahlung radiation

• cathodoluminescence - visible light emission

In the region of the target where the electron-matter interactions take place,
the so-called interaction volume, the various physical effects generate a mul-
titude of observable signals. The emission of each signal is confined to a
particular zone within the interaction volume. A simplified schematic of the
interaction volume including the emission zones of the different signals is pre-
sented in Figure 2.6. Not all of the aforementioned physical effects are rel-
evant for the generation of X-rays. Nevertheless, they are briefly discussed
in the following to provide a background for the discussion of electron mi-
croscopy techniques in Chapter 9.

When an incoming electron is inelastically scattered at a weakly bound
outer-shell electron of a target atom, only a small part of the transferred
energy is required to release the shell electron, whereas the remainder is
retained as kinetic energy, allowing the escaping electron to move through
the material as a secondary electron. The initial kinetic energy of secondary
electrons does usually not exceed 100 eV [Egerton, 2005, Sec. 5.3]. Since
the probability of inelastic scattering is inversely proportional to the kinetic
energy of the scattered particle, the secondary electrons are decelerated
quickly by interactions with other atomic electrons. Therefore, they have very
short travel distances in the range of a few nanometers and can only leave
the material if they are created very close to the surface. This effect is ex-
ploited in scanning electron microscopy to image the surface topology of a
sample with nanometer resolution [Egerton, 2005, Sec. 5.3].

In case an incoming electron collides with an inner-shell electron, the core
electron might be ejected from the atom leaving a vacancy in the inner shell.
This vacancy is filled by an electron from a higher-energy level causing a
release of energy. The released energy is either emitted in the form of a
characteristic X-ray photon (see Fig. 2.7 a) or it is transferred to another elec-
tron, which is ejected from the atom if the transferred energy is larger than
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Figure 2.6: Illustration of the electron-matter interaction volume for an electron
beam hitting a target material. The respective interaction mechanisms in different
zones of the target material lead to various observable signals. Due to their low
kinetic energies and high interaction cross sections, Auger electrons and secondary
electrons are emitted merely from the region very close to the material surface. In
contrast, backscattered electrons may have high kinetic energies allowing them to
escape from deeper regions of the target. Characteristic and continuous X-rays
are generated in the bulk of the interaction volume, whereas cathodoluminescence
mainly occurs at the edges, where the remaining electrons have small energies.
Figure adapted from [Tuohimaa, 2008a].

its orbital binding energy. This kind of secondary electrons are called Auger
electrons and have material specific kinetic energies. Therefore, they are
commonly used for classical spectroscopy methods as well as for spectro-
scopic surface imaging techniques [Briggs, 2003; Sherwood, 1990].

When an incident electron is deflected in the Coulomb field of an atomic
nucleus, it is decelerated and emits the released energy in the form of a pho-
ton (see Fig. 2.7 a). This radiation process, commonly known as bremsstrahl-
ung, occurs in the whole interaction volume (see Fig. 2.6) and contributes to
the generation of X-rays in the target.

While most electrons of the primary beam are scattered in forward di-
rection (scattering angles < 90◦) within the target, there is usually a sig-
nificant fraction [Behling, 2016] that is elastically backscattered (scattering
angles > 90◦) with only a small loss of energy. If the electrons were not
significantly decelerated prior to the backscattering process, they retain high
kinetic energies and have a relatively high probability of leaving the target
and re-entering the vacuum. The amount and energy of backscattered elec-
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trons are highly dependent on the incidence angle of the electron beam and
the atomic number of the target material. The latter is used in electron mi-
croscopy to generate images with a high atomic-number contrast [Egerton,
2005, Sec. 5.4]. For X-ray generation, on the other hand, backscattered elec-
trons are generally considered a loss mechanism. Besides the fact that these
electrons do not contribute to the generation of X-rays in the target, they may
even degrade the image quality by creating secondary sources that emit X-
rays in the field of view (FOV) of the imaging system [Behling, 2016].

Finally, in some materials, such as phosphor and certain semiconductors,
there is the process of cathodoluminescence, which is also known as the
inverse photoelectric effect. Here, low energy primary electrons as well as
secondary electrons collide with valence electrons and create vacancies in
the valence band of the material. Those holes are then refilled by electrons
from the conduction band resulting in the emission of visible light. This effect
is used in scintillation detectors for electron microscopy as well as for imaging
of crystal defects in certain materials.

The interaction volume in the target can be significantly larger as the focal
spot of the incoming electron beam. The absolute size is highly dependent
on the energy of the incident electrons and the properties of the target mate-
rial. For decreasing incident electron energies, the interaction volume shrinks
substantially, since lower-energy electrons have a higher probability of inelas-
tic scattering and require fewer collisions to be brought to rest. In addition,
the size of the interaction volume is inversely proportional to the density and
the atomic number of the material, mainly due to the fact that the probability
of backscattering increases strongly for higher atomic numbers.

2.5 Generation of X-rays

The basic processes of X-ray generation in electron-impact sources, namely,
radiation of bremsstrahlung and characteristic emission (see Fig. 2.7 a), have
already been described in the previous section. The former effect leads to
the emission of a continuous X-ray spectrum with the maximum photon en-
ergy corresponding to the acceleration voltage of the electron beam (see
Fig. 2.7 b). Theoretically, the intensity of bremsstrahlung radiation increases
with decreasing X-ray energies [Kramers, 1923]. This is indicated by the or-
ange, dashed line in Figure 2.7 b. However, since the generated low-energy
photons are usually re-absorbed in the target, the emitted spectrum also has
a lower energy limit depending on the target material and thickness. The total
efficiency η for bremsstrahlung generation from an incoming electron beam
is given by [Agarwal, 1979, Sec. 1.18]:

η = KZUAcc, (2.5)
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Figure 2.7: Generation of X-rays by electron-matter interactions. (a) Illustration
of the physical background of bremsstrahlung radiation and characteristic emission.
(b) Schematic of a typical X-ray spectrum comprised of a continuous spectrum of
bremsstrahlung and characteristic emission lines. The maximum X-ray energy is
proportional to the acceleration voltage of the electron beam. Panels adapted from
[Ferstl, 2015].

whereK is a material constant usually set toK = 9.2·10−7 kV−1, Z the atomic
number of the target material and UAcc represents the acceleration voltage of
the electrons. Consequently, the total efficiency for typical acceleration volt-
ages and target materials is below 1 %, which is due to the fact that the major
part of the incoming energy is converted into heat. The extensive heat pro-
duction also sets a limit to the power density of the electron beam and thereby
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the effectively generated X-ray flux, as the target temperature must always
be kept well below the melting point of the target material to prevent damage
and a deteriorated performance. Considering Equation 2.5, it is evident that
the efficiency of bremsstrahlung generation can be optimized by using tar-
get materials with high atomic numbers in combination with high acceleration
voltages. However, one also has to keep in mind that the interaction volume
of the electron beam, which defines the size of the focal spot of the gener-
ated X-rays, increases with higher electron energies. Consequently, for X-ray
sources based on electron impact, there is always a trade-off between the
efficiency of X-ray generation and the focal spot size. For the particular case
of nanofocus X-ray tubes, the generation of very small interaction volumes is
crucial. This is usually realized by using a highly-focused electron beam and
a very thin (≈ several hundred nm) transmission target consisting of a heavy
metal with a high heat conductivity and heat capacity, such as tungsten.

The energy of a characteristic photon is equal to the difference in en-
ergy between the two shells involved in the relaxation process of the atomic
electron. This results in sharp peaks in the X-ray spectrum (see Fig. 2.7 b)
at material specific energies, commonly known as characteristic emission
lines. The overall intensity of characteristic radiation increases with rising
acceleration voltages. However, the intensity of a particular emission line
depends further on the likelihood of the associated electronic transition and
corresponding fluorescence yield, i.e., the probability of emitting the released
energy as an X-ray photon instead of an Auger electron.

Finally, it is important to mention that characteristic radiation is emitted
isotropically regardless of the electron beam energy. In contrast, the an-
gular distribution of bremsstrahlung radiation is dependent on the energy of
the incident electrons and gets more forward directed for high energies due
to relativistic effects. However, for typical electron energies used in nanofo-
cus tubes, these relativistic effects are relatively small, and the emission of
bremsstrahlung is also approximately isotropic.
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Chapter 3

Basic concepts of X-ray physics

In this chapter, the basic concepts of X-ray physics are presented with a focus
on the physical principles relevant to this thesis. A more comprehensive intro-
duction to X-ray physics can be found in the literature, e.g., in the textbooks
by Als-Nielsen and McMorrow [Als-Nielsen, 2011], Attwood [Attwood, 1999]
and Paganin [Paganin, 2006]. Since X-rays are electromagnetic radiation,
the wave-particle duality principle applies, i.e., depending on the context, X-
rays can either be treated as waves or as particles. While we mainly rely on
the wave concept in this chapter, we change into the particle picture for the
description of specific interactions between X-rays and matter.

3.1 Free-space propagation

In this section, the concept of free-space propagation of X-rays is reviewed.
We start with a rather general treatment to the topic deriving the fundamental
equation of scalar diffraction theory, namely the Helmholtz equation. Subse-
quently, we introduce different concepts to obtain simplified solutions to the
Helmholtz equation and derive the Fresnel diffraction integral, which is an im-
portant result for the work of this thesis. This section is largely based on the
first chapter of the textbook by Paganin [Paganin, 2006]. A similar treatment
of this topic based on the same source can be found in [Bidola, 2017].

3.1.1 Vacuum equations for electromagnetic waves

To obtain the vacuum wave equations that govern the spatial and temporal
evolution of the electromagnetic field in free space, we start with the free-
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space Maxwell equations (in the absence of charges and currents):

∇ · E(r, t)=0,

∇ ·B(r, t)=0,

∇× E(r, t) + ∂
∂t
B(r, t)=0,

∇×B(r, t)− ε0µ0
∂
∂t
E(r, t)=0.

(3.1)

Here, E is the electric field and B is the magnetic induction, with ε0 and
µ0 being the electrical permittivity and magnetic permeability of free space,
respectively. ∇· denotes the divergence of a vector field and ∇× the curl.
r = (x, y, z) represent Cartesian coordinates, t is time and 0 is a zero-length
vector.

We transform Eqs. 3.1, to obtain vacuum field equations for the electric
and the magnetic field, respectively:(

ε0µ0
∂2

∂t2
−∇2

)
E(r, t)=0,(

ε0µ0
∂2

∂t2
−∇2

)
B(r, t)=0.

(3.2)

Eqs. 3.2 are known as d’Alembert wave equations. We now consider any
propagating monochromatic plane-wave solution with propagation direction
along the z-axis (i.e., the z-axis is equal to the optical axis), the wave num-
ber k = 2π

λ
and the angular frequency ω = 2πf . By substituting this plane-

wave solution into the d’Alembert equation and applying the expression for
the speed of light, c = fλ, we find:

c =
1

√
ε0µ0

. (3.3)

Given Eq. 3.3, the d’Alembert wave equations become:(
1
c2

∂2

∂t2
−∇2

)
E(r, t) = 0,(

1
c2

∂2

∂t2
−∇2

)
B(r, t) = 0.

(3.4)

Eqs. 3.4 state that each component of the electric field and the magnetic
induction in free space are uncoupled from one another and can be described
by a scalar form of the d’Alembert wave equation. The transition from a
vector description of the electromagnetic field to a scalar theory is rather
complex and is not treated in detail here. According to [Paganin, 2006], the
electromagnetic field in free space can be fully described by a single complex
scalar field Ψ(r, t) that solves the d’Alembert equation:(

1

c2

∂2

∂t2
−∇2

)
Ψ(r, t) = 0. (3.5)
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In a given volume of free space, this complex scalar function can be written
as a spectral decomposition into superimposed monochromatic fields using
the Fourier integral:

Ψ(r, t) =
1√
2π

∞̂

0

ψω(r) exp (iωt) dω, (3.6)

where each monochromatic component of the field is split up into a stationary
spatial wave function ψω(r) and a harmonic time factor exp (iωt).

By substituting Eq. 3.6 into Eq. 3.5, interchanging the order of differen-
tiation and integration and subsequently performing the differentiation with
respect to time, the scalar d’Alembert equation becomes:

∞̂

0

[(
∇2 +

ω2

c2

)
ψω(r)

]
exp (iωt) dω = 0. (3.7)

From Eq. 3.7, it is evident that the term in square brackets must be equal to
zero, which results in the time-independent equation for the spatial compo-
nent ψω(r) of a monochromatic field:(

k2 +∇2
)
ψω(r) = 0. (3.8)

Eq. 3.8 is known as the Helmholtz equation. It forms the foundation of the
scalar diffraction theory, which concerns itself with finding solutions to the
Helmholtz equation in a given volume of space under different boundary con-
ditions, as demonstrated in the following. Please note that, for polychro-
matic scalar disturbances, one can solve the diffraction problem for each
monochromatic component ψω(r) of the wavefield and substitute the solu-
tions into the Eq. 3.6 to obtain the time-dependent complex scalar distur-
bance Ψ(r, t).

3.1.2 Angular spectrum formalism

The angular spectrum formalism provides a solution to the Helmholtz equa-
tion for the free-space propagation of a coherent scalar X-ray wavefield from
a plane perpendicular to the optical axis at z = 0 to another plane at z > 0.
The monochromatic component of a plane wave ψ

(PW)
ω (r) = exp (ikr) prop-

agating along the wave vector k = (kx, ky, kz) is a solution to the Helmholtz
equation provided that the following expression is valid:

k2
x + k2

y + k2
z = k2. (3.9)
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By assuming only waves that are forward propagating along the optical axis
z, we restrict the real part of kz to be non-negative:

kz =
√
k2 − k2

x − k2
y. (3.10)

After rewriting r = (r⊥, z) and k = (k⊥, kz), we obtain a solution to the
Helmholtz equation for planes perpendicular to the optical axis:

ψ
(PW)
ω (r⊥, z) = exp (ik⊥r⊥) exp

(
iz
√
k2 − k2

⊥

)
= ψ

(PW)
ω (r⊥, 0) exp

(
iz
√
k2 − k2

⊥

)
.

(3.11)

Eq. 3.11 essentially states that we can determine the wavefield ψ
(PW)
ω (r⊥, z)

in a plane at z > 0 by multiplication of the wavefield ψ(PW)
ω (r⊥, 0) at z = 0 with

the propagation term exp (iz
√
k2 − k2

⊥), commonly denoted as the free space
propagator.

In the next step, we rewrite the wavefield at z = 0 as its Fourier decompo-
sition:

ψω(r⊥, 0) =
1

2π

¨
ψ̃ω(k⊥, 0) exp (ik⊥r⊥) dk⊥, (3.12)

where ψ̃ω(k⊥, 0) represents the two-dimensional Fourier transform of ψω(r⊥, 0)
and k⊥ are the Fourier coordinates corresponding to the real-space coordi-
nates r⊥.

By multiplying Eq. 3.12 with the free space propagator from Eq. 3.11, we
obtain the angular-spectrum representation for the propagated wavefield at a
distance z = z1 ≥ 0:

ψω(r⊥, z1) =
1

2π

¨
ψ̃ω(k⊥, 0) exp (ik⊥ · r⊥) exp

(
iz1

√
k2 − k2

⊥

)
dk⊥. (3.13)

Using the operator notation F⊥ for the Fourier transform with respect to x and
y and F⊥−1 for the inverse transform, Eq. 3.13 can be reformulated as:

ψω(r⊥, z1) = F⊥−1

[
exp
(

iz1

√
k2 − k2

⊥

)
F⊥
[
ψω(r⊥, 0)

]]
. (3.14)

Eq. 3.14 illustrates the three steps required to calculate the propagated field
ψω(r⊥, z1) from a given field ψω(r⊥, 0). First, the Fourier transform of the orig-
inal field is calculated. The result is multiplied by the factor for free-space
propagation, and finally, the inverse Fourier transform of the entire expression
is calculated. These steps can be summarized as the following operator:

Dz1 = F⊥−1 exp
(

iz1

√
k2 − k2

⊥

)
F⊥. (3.15)
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3.1.3 Fresnel diffraction

The Fresnel diffraction theory is a special case of the angular spectrum for-
malism that is valid when the given wavefield is paraxial, i.e., all propagation
directions of the wavefield form small angles with respect to the optical axis.
For a paraxial field, k2 is much larger than k2

⊥, and the following binomial
approximation is valid: √

k2 − k2
⊥ ' k − k2

⊥
2k
. (3.16)

By substituting Eq. 3.16 into Eq. 3.14, we obtain:

ψω(r⊥, z1) ' exp (ikz1)F⊥−1

[
exp

(
− iz1k

2
⊥

2k

)
F⊥
[
ψω(k⊥, 0)

]]
, (3.17)

which is the operator form of the Fresnel diffraction integral with the Fresnel
operator, also known as the Fresnel propagator, being defined as:

DF
z1 = exp (ikz1)F⊥−1 exp

(
− iz1k

2
⊥

2k

)
F⊥. (3.18)

Using the convolution theorem, Eq. 3.17 can be written as a convolution in-
tegral:

ψω(r⊥, z1) = ψω(r⊥, 0)⊗ PF(r⊥, z1), (3.19)

where P F(r⊥, z1) represents the real-space form of the Fresnel propagator:

P F(r⊥, z1) = − ik exp (ikz1)

2πz1

exp

(
ikr2
⊥

2z1

)
. (3.20)

Considering Eq. 3.19 and 3.20, leads to an explicit convolution form of the
Fresnel diffraction integral:

ψω(r⊥, z1) ' − ik exp (ikz1)

2πz1

¨
ψω(r′⊥, 0) exp

(
ik(r⊥ − r′⊥)2

2z1

)
dr′⊥. (3.21)

This convolution formulation of Fresnel diffraction is a representation of the
Huygens-Fresnel principle since the propagated disturbance is considered to
be a sum of the propagated disturbances that emanate from each point on
the initial wavefront.

3.1.4 Coherence

Throughout the previous part of this section, we have always assumed our
elementary waves to be perfectly monochromatic plane waves, which also
makes them perfectly coherent. For such an ideal wavefield, two arbitrary
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plane waves contributing to the wavefield can interfere with each other since
they have a constant phase difference. For a laboratory setup with a poly-
chromatic source of finite size, where the emission from different positions on
the source is uncorrelated, this assumption is not valid anymore and there are
limitations to the wavefields ability to give rise to interference effects. Those
limitations can be expressed as coherence lengths, i.e., characteristic length
scales over which the coherence is high for a given source.

Temporal coherence

We consider two plane waves with slightly different wavelengths λ and λ−∆λ
propagating in the same direction. If the two waves are exactly in phase at
a given point C, they will be out of phase after traveling a distance LL. The
distance until they are in phase again can be described as a multiple of the
wavelength of both waves:

2LL = Nλ = (N + 1)(λ−∆λ). (3.22)

The second part of this equation implies that N ≈ λ/∆λ. Substituting this ap-
proximation into Eq. 3.22, we obtain a definition of the longitudinal coherence
length [Als-Nielsen, 2011, Sec. 1.5]:

LL =
1

2

λ2

∆λ
. (3.23)

Spatial coherence

We now assume two plane waves ψA and ψB originating at the endpoints A
and B of a finite-sized source of width D, as depicted in Figure 3.1. Both
waves have identical wavelengths, but their propagation directions deviate by
an angle ∆θ. Considering a point C at the propagation distance R, where
the wavefronts of both waves are in phase, we have to proceed for a distance
2LT along the wavefront of ψA until the waves are in phase again. Since it
is evident from Figure 3.1 that ∆θ = λ/(2LT ) = R/D, we can express the
transverse coherence length as [Als-Nielsen, 2011, Sec. 1.5]:

LT =
λ

2

R

D
. (3.24)

3.2 Interaction with matter

So far, our considerations were limited to X-rays propagating in a vacuum. In
this section, we introduce a medium described by a frequency- and position-
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2LT
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Δθ

Δθ
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ψ
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B

Figure 3.1: Illustration of the transverse coherence length. Two waves ψA and ψB
with the same wavelength λ are emitted from the endpoints A and B of a finite-sized
source of width d. From the point C, where the waves are in phase, one has to travel
for a distance 2LT along the wavefront of ψA to reach a point, where the waves are
in phase again. Figure adapted from [Als-Nielsen, 2011].

dependent index of refraction:

nω(r) =

√
εω(r)

ε0
, (3.25)

where εω(r) is the position-dependent electrical permittivity in the medium.
In analogy to the vacuum case, we start with the Maxwell equations in

matter and arrive at the inhomogeneous Helmholtz equation:[
k2nω(r)2 +∇2

]
ψω(r) = 0. (3.26)

One approach for solving Eq. 3.26 is given by the so-called projection ap-
proximation, which is a consequence of the paraxial approximation in an in-
homogeneous medium [Morgan, 2010]. We consider a monochromatic plane
wave propagating through a medium that is limited by the planes at z = 0 and
z = z0. The regions z ≤ 0 and z ≥ z0 consist of vacuum. We now assume
that the scattering introduced by the medium is not strong enough to signifi-
cantly disturb the paths compared to the ray paths which would have existed
within the same volume in the absence of the scatterer. Consequently, a so-
lution to the inhomogeneous Helmholtz equation is given by the product of
an unscattered plane wave exp (ikz) with a complex envelope Aω(r):

ψω(r) = Aω(r) exp (ikz). (3.27)

Substituting Eq. 3.27 into Eq. 3.26 and neglecting the second derivative with
respect to z, we obtain the inhomogeneous paraxial equation:(

2ik
∂

∂z
+∇2

⊥ + k2
[
nω(r)2 − 1

])
Aω(r) = 0. (3.28)
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Here, the transverse Laplacian ∇2
⊥ = ∂2

∂x2 + ∂2

∂y2
is the only portion of the

equation that couples neighboring ray trajectories. Since the projection ap-
proximation states that all changes to the wavefield are accumulated along
the rays of the unscattered beam, we neglect the transverse Laplacian in
Eq. 3.28 to obtain the following partial differential equation:

∂

∂z
Aω(r) ≈ k

2i

[
1− n2

ω(r)
]
Aω(r). (3.29)

A solution to Eq. 3.29 is given by:

Aω(r⊥, z0) ≈ exp

(
k

2i

z=z0ˆ

z=0

[
1− n2

ω(r)
]

dz

)
Aω(r⊥, 0). (3.30)

To further simplify Eq. 3.29, we have to consider the general definition of
the index of refraction for X-rays, which is usually very close to unity and is
defined as:

nω = 1− δω + iβω, (3.31)

where the refractive index decrement, δω, and the absorption index, βω, are
real numbers with magnitudes much smaller than unity. Substituting Eq. 3.31
into Eq. 3.29 and keeping only the first order terms of δω and βω, we obtain:

Aω(r⊥, z0) ≈ exp

(
− ik

z=z0ˆ

z=0

[
δω(r)− iβω(r)

]
dz

)
Aω(r⊥, 0). (3.32)

Using Eq. 3.32, the proposed solution of the inhomogeneous Helmholtz equa-
tion (Eq. 3.27) can be reformulated as:

ψω(r) = Aω(r⊥, 0) exp (ikz) exp

(
− ik

z=z0ˆ

z=0

δω(r) dz

)
exp

(
− k

z=z0ˆ

z=0

βω(r) dz

)
.

(3.33)
This is the central equation of this section and its individual components will
be discussed in more detail in the following.

3.2.1 Phase shift and refraction

Considering Eq. 3.33, we can now describe the phase shift ∆φ(r⊥) imparted
on the modulated plane wave as it passes through the previously defined
weakly scattering object:

∆φ(r⊥, z0) = −k
z=z0ˆ

z=0

δω(r) dz. (3.34)
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Assuming a single isotropic material, δω is spatially constant within the sam-
ple and we can define a projected thickness T (r⊥) along the z-direction to
obtain:

∆φ(r⊥, z0) = −kδωT (r⊥). (3.35)

This equation is the foundation for the phase-retrieval algorithm introduced in
Section 7.3.

In the following, we have a closer look at the real part of the refractive
index 1 − δω. For a given material containing N different atoms, δω depends
on the real parts f1,j(ω) of their complex atomic scattering factors in forward
scattering approximation [Attwood, 1999; Dierolf, 2015]:

δω(r) =
reλ

2

2π

N∑
j=1

ρa,j(r)f1,j(ω), (3.36)

where re = 2.818 · 10−15m is the classical electron radius (also known as
Thomson scattering length) and ρa,j(r) are the number densities of the dif-
ferent atoms. For X-ray energies higher than the absorption edges of the
respective atom, f1,j(ω) is equal to the total number of electrons Z of the
atom. With the total electron density of a given material being defined as:

ρe(r) =

N∑
j=1

ρa,j(r)Zj, (3.37)

we can obtain a simplified expression for Eq. 3.36 for energies above the
absorption edges:

δω(r) =
reλ

2

2π
ρe(r). (3.38)

The magnitude of δ is typically very small, e.g., for silicon at 20 keV, we find
δ = 1.21 ·10−6. Consequently, the real part of the X-ray refractive index is very
close to unity and the refraction angles are much smaller than for optical light.
This can be demonstrated by applying Snell’s law of refraction. We assume
an X-ray wave passing through a boundary between two isotropic materials
represented by their refractive indexes n1, n2. For a given incident angle θ1 ,
the angle of the outgoing ray θ2 can be calculated by:

n1 sin(θ1) = n2 sin(θ2). (3.39)

For small angles, Snell’s Law simplifies to n1θ1 ≈ n2θ2 and the refractive angle
θr = θ1 − θ2 is given by:

θr ≈ θ1

(
1− n1

n2

)
. (3.40)
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Assuming an X-ray wave with an energy of 20 keV meeting the boundary
between air (n1 = 1) and silicon with an incident angle θ1 = 1◦, we get:

θr = −1.21 · 10−6 ◦. (3.41)

θr is five orders of magnitude smaller for X-rays than for light rendering a di-
rect detection of refraction angles difficult. Furthermore, the refraction angle
is negative for X-rays since the refractive index is smaller than unity.

3.2.2 Absorption and scattering

Considering that the intensity of a wavefield is given by the squared modulus
of the wave amplitude, we can define the intensity of the plane wave after
traversing through the previously defined weakly scattering object as:

Iω(r⊥, z0) = |Aω(r⊥, z0)|2 = exp

(
− 2k

z=z0ˆ

z=0

βω(r) dz

)
Iω(r⊥, 0), (3.42)

with Iω(r⊥, 0) being the intensity of the incident wave. In analogy to Eq. 3.36,
the absorption index for a material containing N different atoms is related to
the imaginary parts f2,j(ω) of their complex atomic scattering factors by:

βω(r) =
reλ

2

2π

N∑
j=1

ρa,j(r)f2,j(ω). (3.43)

For a weak scatterer composed of a single material of projected thickness
T (r⊥), Eq. 3.42 becomes the Lambert–Beer law:

Iω(r⊥, z0) = exp
[
−µωT (r⊥)

]
Iω(r⊥, 0), (3.44)

where µω = 2kβω is called the linear attenuation coefficient, which is related
to the total atomic interaction cross section σtot(ω) of the material by:

µω
ρm

=
NA

mmol

σtot(ω), (3.45)

where ρm represents the mass density, NA = 6.022 · 1023mol−1 is Avogadro’s
constant and mmol is the molar mass.

For the range of X-ray energies used in nanoCT imaging, σtot(ω) is the
sum of three contributing interaction mechanisms, namely, the photoelectric
effect, coherent scattering, and incoherent scattering. For a given element
with atomic number Z, the cross section can be formulated as:

σtot(ω, Z) = σpe(ω, Z) + σcoh(ω, Z) + σincoh(ω, Z). (3.46)
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Figure 3.2: Energy dependence of the X-ray mass attenuation coefficient for car-
bon. The total mass attenuation coefficient is a sum of the contributions for photo-
electric absorption, coherent scattering, and incoherent scattering.

While Eq. 3.45 is only valid for a single element, the mass attenuation coeffi-
cient for any compound material or mixture can be obtained by applying the
following formula:

µω
ρm

=
∑
j

Wj

(
µω
ρm

)
j

, (3.47)

where Wj are the mass fractions for each element of the mixture. In the fol-
lowing, the individual contributions to the total cross section are discussed
briefly.

The photoelectric effect is usually described in the particle picture. When
an atom absorbs an X-ray photon with suitable energy, a core electron of the
atom is ejected into the continuum. The hole created in the shell of the atom
is filled by an electron from a shell further out, and the excess energy can ei-
ther be emitted in the form of characteristic X-ray radiation or by the ejection
of an Auger electron. The energy dependence of σpe can be described by
a superposition of a continuous part and sharp increases in absorption, the
so-called absorption edges, which occur when the photon energy is just suf-
ficient to eject the electron from the next shell to the continuum. Sufficiently
far away from the absorption edges, the dependence of σpe on ω and Z can
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be approximated by [White, 1977]:

σpe(ω, Z) ∝ Z4−5

ω2.5−3.5
. (3.48)

The exact values for the exponents depend on the specific element. Since
biological tissues are usually composed of light elements with Z ≤ 20, the ab-
sorption edges are located below the energy range of interest and Eq. 3.48 is
a valid approximation. For heavier elements, the K-edges lie within the used
energy range and Eq. 3.48 is not valid anymore.

Coherent or elastic scattering can be described in the classical picture
as a process where the electric field of the incoming x-ray wave excites
an electron to oscillate harmonically. The electron itself emits a wave with
equal wavelength as the incoming X-ray wave. Elastic scattering is known as
Thomson scattering when the X-rays are scattered by electrons that can be
considered to be free, i.e., the binding energy of the electrons is negligible
compared to the energy of the incident X-rays. The classical cross section
for Thomson scattering is energy-independent. On the other hand, when the
binding energy of the electrons cannot be neglected, the process is called
Rayleigh scattering. For low energies, σcoh is proportional to Z2, for higher
energies, σcoh approaches zero [Ehn, 2017].

Incoherent scattering, also known as Compton scattering, describes the
scattering process where the energy of the incoming photon is partially trans-
ferred to the electron, and a photon with lower energy is emitted. This pro-
cess requires a description in the relativistic particle picture with conservation
of energy and momentum. For a free electron, the differential cross section
is given by the energy-dependent Klein-Nishima cross section σKN(ω). For
small energies, the contribution of incoherent scattering to the total cross
section can be neglected, for higher energies, the following equation is valid:
σincoh(Z, ω) = ZσKN(ω).

The energy of a photon with an angular frequency ω = 2πf is defined as
E = ~ω, with ~ = 1.05 · 10−34J s being the reduced Planck constant. In Fig-
ure 3.2, the total mass attenuation coefficient for carbon and the individual
contributions are shown for the energy range of interest. For low energies,
the photoelectric absorption is the dominant contribution, whereas the impact
of incoherent scattering increases for higher energies. The contribution from
coherent scattering is negligible.

3.2.3 Contrast generation and imaging regimes

For the following considerations, it is convenient to introduce the complex
object transmission function O(r⊥), which combines the projections of the
attenuation and phase shifting part of the object’s refractive index along the
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propagation direction z:

O(r⊥) = exp

[
iφ(r⊥)− µt(r⊥)

2

]
, (3.49)

with the phase shift:

φ(r⊥) = −k
ˆ
δω(r) dz, (3.50)

and the linear attenuation exponent:

µt(r⊥) = −2k

ˆ
βω(r) dz, (3.51)

where the integrals are taken over the thickness of the object.
For an incoming monochromatic plane wave ψω(r⊥, z) = exp (ikz) passing

through an object characterized by O(r⊥), the outgoing wave at the exit plane
z0 can be expressed as (see also Eq. 3.27):

ψω(r⊥, z0) = O(r⊥) exp (ikz0). (3.52)

Accordingly, the recorded intensity at the exit plane, the so-called contact
image, is given by:

Iω(r⊥, z0) = |ψω(r⊥, z0)|2 = exp [−µt(r⊥)]. (3.53)

Consequently, the contrast formation in the contact image is caused by at-
tenuation only and there is no phase contrast.

On the other hand, if the wave propagates further after exiting the object,
phase contrast effects are introduced by Fresnel diffraction [Cloetens, 1996;
Snigirev, 1995; Wilkins, 1996]. Assuming a paraxial wavefield and selecting
the coordinate system in such a way that the object’s exit plane is at z = 0, the
wavefield in planes z > 0 can be described by using the Fresnel diffraction
integral (see Eq. 3.21):

ψω(r⊥, z) = − i exp (ikz)

λz

¨
O(r′⊥) exp

[
iπ
(
r⊥ − r′⊥

)2

λz

]
dr′⊥. (3.54)

The corresponding wavefield in Fourier space is given by:

ψ̃ω(u, v, z) = − exp (ikz) Õ(u, v) exp
[
−iπλz

(
u2 + v2

)]
, (3.55)

where Õ(u, v) is the Fourier transform of O(r⊥) and (u, v) are the Fourier
coordinates corresponding to r⊥ = (x, y).
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Figure 3.3: Contrast transfer for a weak phase and attenuation object. The one-
dimensional attenuation and phase contrast transfer functions (CTFs) are depicted
as functions of the dimensionless variable u′ =

√
λzu, where λ is the wavelength,

z the propagation distance in parallel beam geometry and u represents the spatial
frequency.

Assuming that the phase shift and attenuation caused by the object are
small, its transmission function can be approximated as [Pogany, 1997]:

O(r⊥) ≈ 1 + iφ(r⊥)− µt(r⊥)

2
. (3.56)

Using this approximation, the Fourier transform of the recorded intensity of
the wavefield at a distance z can be expressed as [Mayo, 2002]:

Ĩω(u, v, z) = δ(u, v) + 2φ̃(u, v) sin [χ(u, v, z)]− 2µ̃t(u, v) cos [χ(u, v, z)], (3.57)

where δ(u, v) is the Dirac delta distribution, φ̃(u, v) and µ̃t(u, v) are the Fourier
transforms of φ(r⊥) and µt(r⊥), respectively, and χ(u, v, z) = πλz(u2+v2). The
terms cos [χ(u, v, z)] and sin [χ(u, v, z)] represent the contrast transfer func-
tions (CTFs) for phase and attenuation, which can be interpreted as linear
filters that determine the transfer of spatial frequencies from the phase and
attenuation components of the object transmission function to the Fresnel
diffraction pattern in the image plane [Mayo, 2002]. The one-dimensional
CTFs cos [χ(u, z)] and sin [χ(u, z)] with χ(u, z) = πλz(u2) are delineated in Fig-
ure 3.3 for the reduced spatial frequency u′ =

√
λzu. From the progression

of the CTFs, it is evident that the contributions of the phase and attenuation
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components of the object to the image contrast are highly dependent on the
reduced spatial frequency, which gives rise to different imaging regimes.

In the contact regime (z = 0), the attenuation contrast transfer is maxi-
mal, whereas the phase contrast transfer is zero for all spatial frequencies,
and the recorded intensity depends only on the attenuation in the object as
demonstrated in Eq. 3.53.

For propagation distances (z > 0), the phase shift introduced by the ob-
ject contributes to the contrast formation. To recover quantitative informa-
tion about the phase properties of the object from the recorded intensity, so-
called phase-retrieval techniques are required. These methods differ in their
assumptions about the object transmission function and the mathematical re-
lation between the phase information and the detected intensity. For a review
of currently available phase-retrieval methods for X-ray imaging, the reader
is referred to [Burvall, 2011; Nugent, 2007]. Here, we only give a brief qual-
itative discussion of the different phase-contrast imaging regimes with focus
on the near field, since this regime represents well the imaging conditions for
measurements with the TUM NanoCT. For a more detailed treatment of the
different regimes and the associated mathematical descriptions, the reader
is referred to [Mayo, 2002; Pogany, 1997].

In the near field, i.e., for χ� π/2, the attenuation contrast depicts best rel-
atively large, slowly varying features of the object represented by low spatial
frequencies, whereas phase contrast is most pronounced for features repre-
sented by high spatial frequencies, such as sharp edges [Mayo, 2002]. This
effect is commonly referred to as edge enhancement. While imaging under
near-field conditions requires certain degree of spatial coherence, the con-
straints on the temporal coherence are relatively low [Pogany, 1997; Wilkins,
1996]. This allows for phase-contrast imaging with a conventional laboratory
X-ray source and a polychromatic spectrum. The relation between the inten-
sity and phase of a paraxial monochromatic wave in the near field can be
described by the transport of intensity equation (TIE) [Teague, 1983], which
is often used for phase-retrieval methods in this regime [Burvall, 2011; Nu-
gent, 2007]. One of these methods, the single-material method [Paganin,
2002], is described in detail in Section 7.3.

For χ ≤ π, in the so-called direct imaging regime, the object is usually
directly recognizable from the recorded intensity, whereas for χ > π, the
CTFs oscillate more rapidly, and the resulting images lose direct resemblance
to the object function, i.e., the images become so-called in-line holograms
[Leitenberger, 2001; Mayo, 2002].

Finally, in the far-field regime, for sufficiently large χ, the recorded inten-
sities can be calculated by using the Fraunhofer diffraction integral [Miao,
1999; Nugent, 2007], i.e., the propagated wavefield can be expressed as the
Fourier transform of the outgoing wave at the exit plane of the object multi-
plied with a scaling factor.
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Chapter 4

Linear system theory

In this chapter, we present the basic concepts of linear system theory with
respect to the characterization of optical imaging systems. Here, we focus
on the particular case of a shift-invariant system described by real response
functions, as this approach is well suited to describe the image formation
process of the TUM NanoCT. For a more comprehensive treatment of this
topic, the reader is referred to the literature, e.g., the textbooks by [Boreman,
2001; Gaskill, 1978; Goodman, 1996]. Parts of this chapter are based on
[Müller, 2013].

4.1 Linear shift-invariant systems and their re-
sponse functions in real space and frequency
space

An optical imaging system is defined to be linear if the principle of super-
position can be applied, i.e., the total response to a linear combination of
input signals is given by a linear combination of the individual responses,
also called output signals. Furthermore, a system is said to be shift-invariant
if a shift in the position of the input causes only a shift in the position of the
output but no change of its functional form.

For a linear and shift-invariant imaging system, the response i(x, y) is re-
lated to the input o(x, y) by:

i (x, y) = PSF (x, y)⊗ o (x, y)

=

∞̂

−∞

∞̂

−∞

PSF
(
x− x′, y − y′

)
o
(
x′, y′

)
dx′dy′, (4.1)

where the symbol ⊗ denotes two-dimensional convolution. For the case of
an optical imaging system, i(x, y) represents the acquired two-dimensional
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image, whereas o(x, y) is a 2D representation of the investigated object. The
convolution kernel PSF (x, y) is called the point spread function (PSF) and
represents the system response to a delta-peak-shaped input signal, i.e., it
describes the recorded intensity distribution for a point-like object and thereby
characterizes the blurring that occurs during the image formation process of
the system. To ensure that the integral intensity in the image is not affected
by the convolution operation, the PSF is usually normalized to unity:

∞̂

−∞

∞̂

−∞

PSF (x, y) dxdy = 1. (4.2)

According to the convolution theorem, the convolution of two functions
in real space is given by the product of the respective Fourier transforms in
frequency space. Consequently, the Fourier transform of the image function
i(x, y) is given by:

ĩ (u, v) = P̃SF (u, v) · õ (u, v) , (4.3)

where u and v are the corresponding Fourier space coordinates to the real
space coordinates x and y. The Fourier transform P̃SF (u, v) of the point
spread function is called optical transfer function (OTF) and is generally de-
fined as:

OTF (u, v) = MTF (u, v) exp
[
i PTF (u, v)

]
, (4.4)

where PTF (u, v) is called the phase transfer function (PTF) and
MTF (u, v) = |P̃SF (u, v)| is known as the modulation transfer function (MTF).
For incoherent imaging systems based on the measurement of intensities,
the phase transfer function (PTF) can be neglected and the system response
in frequency space is fully described by the modulation transfer function.

Furthermore, if the system response is a superposition of N responses
from individual components of the linear imaging system, the modulation
transfer function of the entire system is given by:

MTFsys (u, v) =

N∏
j=1

MTFj (u, v) , (4.5)

which corresponds to a convolution product of the associated point spread
functions in real space.

4.2 Line spread function

The line spread function (LSF) is commonly defined as the spatial system
response to a line-shaped input signal of infinitesimal width. In the following,
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we assume a line object that is parallel to the y-axis:

oL (x, y) = δ (x) , (4.6)

with δ(x) being the Dirac delta distribution.
The line spread function LSF (x) is given by the convolution of the object

with the PSF of the system:

LSF (x) = PSF (x, y)⊗ oL (x, y)

=

∞̂

−∞

∞̂

−∞

PSF
(
x− x′, y − y′

)
δ
(
x′
)

dx′dy′

=

∞̂

−∞

PSF
(
x, y′

)
dy′. (4.7)

The last line of Eq. 4.7 demonstrates that LSF (x) is equal to the projection of
the PSF along the y-axis.

For the case of a real, radially symmetric PSF, the OTF also exhibits ra-
dial symmetry. Since the LSF of such a system depends only on the radial
distance r⊥, the system response is fully described by:

MTF (f⊥) = F1D

[
LSF (r⊥)

]
, (4.8)

where f⊥ is the radial spatial frequency and F1D denotes the one-dimensional
Fourier transform.

4.3 Edge spread function

The edge spread function (ESF) represents the spatial system response to a
step function. Assuming the edge object to be parallel to the y-axis, it can be
defined as:

oE (x, y) = oE (x) =

{
0 for x < 0,

1 else.
(4.9)

Analogous to the LSF, the ESF is calculated by the convolution of the edge
object with the PSF:

ESF (x) = PSF (x, y)⊗ oE (x, y)

=

∞̂

−∞

∞̂

−∞

PSF
(
x− x′, y − y′

)
oE
(
x′
)

dx′dy′. (4.10)
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By using Eq. 4.7, we can reformulate Eq. 4.10 as:

ESF (x) =

∞̂

−∞

oE
(
x′
) ∞̂

−∞

PSF
(
x− x′, y − y′

)
dy′dx′

= oE (x) ∗ LSF (x) , (4.11)

where the symbol ∗ designates one-dimensional convolution. Considering
the fact that the derivative of a convolution product of two functions is given by
the convolution of either function with the derivative of the other, the derivative
of ESF (x) is given by:

d

dx
ESF (x) =

d

dx

[
oE (x) ∗ LSF (x)

]
= δ (x) ∗ LSF (x) = LSF (x) . (4.12)

For the case of a radially symmetric PSF, we can rewrite Eq. 4.12 by using
the radial distance r⊥:

d

dr⊥
ESF (r⊥) = LSF (r⊥) . (4.13)

Consequently, the spatial system response, assuming radial symmetry, is
fully characterized by a single edge profile:

MTF (f⊥) = F1D

[
d

dr⊥
ESF (r⊥)

]
. (4.14)
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Chapter 5

Computed Tomography

Computed tomography enables the non-destructive reconstruction of a 3D
object from a set of projection images acquired from different perspectives
around the object. While the tomographic principle is nowadays used in a
variety of applications, it was initially applied to X-ray imaging.

In this chapter, we briefly review the basic principles of computed tomog-
raphy, followed by a short introduction to tomographic reconstruction with
the filtered backprojection (FBP) algorithm. Finally, statistical iterative recon-
struction (SIR) techniques are discussed, and a statistical model based on
Bayesian statistics is presented for attenuation-based X-ray CT. A more de-
tailed introduction to the principles of computed tomography as well as the
associated reconstruction approaches can be found, for example, in the text-
books by Kak and Slaney [Slaney, 1988] and Buzug [Buzug, 2008].

For the sake of simplicity, we assume a parallel beam geometry in this
chapter. Therefore, the following mathematical descriptions are limited to two
dimensions, as they can be easily extended to three dimensions by consider-
ing the 3D object as a stack of individual slices in the direction along the ro-
tation axis. A detailed treatment of tomographic reconstruction in cone-beam
geometry is given in [Slaney, 1988, Sec. 3.6] and [Buzug, 2008, Sec. 8.5].

5.1 Radon transform

Assuming an object represented by f(x, z) and a line L with a certain angle
α and distance ξ from the origin of the coordinate system (see Fig. 5.1) that
can be parameterized as:

Lα (ξ) : x cosα + z sinα = ξ. (5.1)

The 1D projection of f(x, z) along Lα(ξ) is given by the line integral:

Pα (ξ) =

ˆ

Lα(ξ)

f (x, z) dζ. (5.2)
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P α
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Figure 5.1: Illustration of the Radon transform. Pα(ξ) is the 1D projection of an
object described by f(x, z) under the projection angle α. The full set of projections
P (α, ξ) is called the Radon transform of f(x, z). Figure adapted from [Slaney, 1988].

This equation can be reformulated by using the Dirac delta distribution as:

Pα (ξ) =

∞̂

−∞

∞̂

−∞

f (x, z) δ (x cosα + y sinα− ξ) dxdz. (5.3)

The full set of projections P (α, ξ) is known as the Radon transform [Radon,
1917] of the function f(x, z), which transforms a two-dimensional object into
its angular projections. Due to the angular symmetry of the Radon transform,
the full spatial information about an object is contained within projections over
an angular range of π.

5.2 Fourier slice theorem

The Fourier slice theorem essentially states that the one-dimensional Fourier
transform of the projection Pα(ξ) is equal to a slice of the two-dimensional
Fourier transform of the object function f(x, z) under the same angle (see
Fig. 5.2). This can be mathematically described by the following equations:

P̃α (ν) = F1D

[
Pα (ξ)

]
, (5.4)

f̃ (u,w) = F2D

[
f (x, z)

]
, (5.5)

P̃α (ν) = f̃ (ν cosα, ν sinα) . (5.6)

Here, u, w, and ν are the corresponding Fourier space coordinates to the real
space coordinates x, z, and ξ. F1D and F2D denote the one-dimensional and
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Figure 5.2: Schematic illustrating the Fourier slice theorem. The Fourier transform
of a parallel projection of an object f(x, z) at an angle α is equal to a slice through the
two-dimensional Fourier space f̃(u,w) under the same angle. The discrete sampling
of the projections leads to a declining radial sampling density for increasing spatial
frequencies in Fourier space. Therefore, interpolation to Cartesian coordinates is
necessary before calculating the inverse 2D Fourier transform of f̃(u,w).

two-dimensional Fourier transform, respectively.
Generally speaking, the Fourier slice theorem provides an analytical so-

lution for the reconstruction of a continuous object from its projections. How-
ever, in real measurements, only a finite set of projection angles and detector
pixels are available, resulting in a discrete representation of the Fourier trans-
form in polar coordinates with a decreasing density of radial sampling points
for increasing spatial frequencies (see Fig. 5.2). Consequently, interpola-
tion to a Cartesian coordinate system is required, before the inverse Fourier
transform of f̃(u,w), and thereby the object function, can be calculated.
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5.3 Filtered backprojection

To overcome the limitations of interpolation in Fourier space, the filtered back-
projection algorithm is commonly used to reconstruct an object from its pro-
jection data. Before taking the inverse Fourier transform F1D

−1, the Fourier
transforms are filtered with a frequency filter |ν|, which is a consequence of
the transformation from polar coordinates to Cartesian coordinates, i.e., the
Jacobian determinant. The object function f(x, z) is then given by the integral
of the filtered projections in real space over a range of π:

f (x, z) =

πˆ

0

F1D
−1
[
P̃α (ν) |ν|

]
dα. (5.7)

In practice, the linear ramp filter |ν|, also known as a Ram-Lak filter, is often
replaced by other window functions, such as a Shepp-Logan or a Hamming
filter, to suppress high-frequency noise [Slaney, 1988].

5.4 Statistical iterative reconstruction

The FBP algorithm works well if several requirements for the acquired data
are met. For instance, the measured projections should be evenly distributed
over 180 ◦ or 360 ◦, and a sufficient number of projections have to be acquired
to achieve the desired resolution. If these requirements are not fulfilled, or
the projections are noisy, the FBP generates poor results and it is necessary
to use an iterative reconstruction method. Generally speaking, there are two
main approaches for these techniques, algebraic methods, and statistical or
model-based reconstruction. A detailed introduction into the topic can be
found in [Slaney, 1988, Chapter 7] and [Buzug, 2008, Chapter 6]. Here, we
focus on a statistical iterative reconstruction method based on the maximum-
a-posteriori (MAP) principle, since this approach is implemented as a recon-
struction tool in the data processing framework of the TUM NanoCT. This
section is largely based on [Fessler, 2000].

Bayes’ rule [Bayes, 1763] generally states that the posterior probability
p(H|E) of a hypothesis H for an observed evidence E is given by:

p
(
H|E

)
=
p
(
E|H

)
p (H)

p (E)
. (5.8)

Here, p(E|H) is the likelihood, which describes the probability of observing
the evidence for a given hypothesis. p(H) is the so-called prior probability
of the hypothesis independent of the evidence, i.e., it contains all a priori
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knowledge that one has about the hypothesis. p(E) denotes the probability
of the evidence, but since p(E) is independent of H, it represents a multi-
plicative constant that can be neglected in the following steps. The basic
idea of the MAP principle is to find the hypothesis that maximizes the poste-
rior probability. In the following, we apply Bayesian statistics to the case of
attenuation-based X-ray tomography.

The probability of measuring a certain number of X-ray photons ni in a
detector pixel for an expected number of photons n∗i , is given by Poisson
statistics and can be formulated as:

pPoisson (ni) =

(
n∗i
)ni

ni!
exp (−n∗i ), (5.9)

where all ni are considered to be statistically independent. The likelihood of
measuring a set of numbers n given their expectation value n∗ is given by the
product of the single probabilities:

p
(
n|n∗

)
=

M∏
i=1

(
n∗i
)ni

ni!
exp (−n∗i ). (5.10)

For sufficiently high n∗i , the Poisson distribution is well approximated by a
Gaussian distribution. Consequently, the likelihood equation for the detected
photons can be rewritten as:

p
(
n|n∗

)
=

M∏
i=1

1√
2πσ2

i

exp

[
−
(
ni − n∗i

)2

2σ2
i

]
. (5.11)

The Gaussian model behaves like the Poisson distribution, i.e., the model
has only one independent parameter n∗i , and the standard deviation of the
Gaussian is given by σi =

√
n∗i . In the next step, we use a discrete form of

the Lambert-Beer law to relate the estimated number of photons in a detector
pixel to the number of photons n0,i incident on the sample and the attenuation
coefficient µj:

n∗i = n0,i exp
(
−

N∑
j=1

ai,jµj

)
, (5.12)

where ai,j is the intersection length between line i and voxel j. If Jensen’s
inequality [Fessler, 2000; Jensen, 1906] can be neglected and the line inte-
grals li = − log (ni/n0,i) can be described in good approximation as Gaussian
random variables, the likelihood of the set of line integrals is written as:

p
(
l|µ
)

=

M∏
i=1

1√
2πσ2

l,i

exp

−
(
li −

∑N

j=1 ai,jµj

)2

2σ2
l,i

, (5.13)
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with the standard deviation σl,i = 1/
√
n∗i . In case no a priori knowledge exists

except for the fact that all solutions are equally probable, i.e., p(µ) is constant,
the posterior probability p(µ|l), is equal to the likelihood p(l|µ). To simplify the
optimization problem, we rewrite Eq. 5.13 as the negative log-likelihood:

L
(
l|µ
)

= − log
[
p
(
l|µ
)]

=

N∑
i=1

log

(√
2πσ2

l,i

)
+

N∑
i=1

(
li −

∑N

j=1
ai,jµj

)2

2σ2
l,i

.

(5.14)

This equation can be minimized, e.g., with a gradient-based optimization
model. In most cases, however, especially when the measurements are
noisy, finding the true parameter set by minimizing the negative log-likelihood
alone is not sufficient, since the problem of tomographic reconstruction is
ill-posed. This means that many solutions can lead to a particular measure-
ment, but not all of these solutions resemble the actual object imaged. There-
fore, it is necessary to include a regularization term, i.e., a prior probability of
solutions that restricts the space of possible solutions to the ones that best
fit our expectations. Formulating the posterior probability as the negative log-
likelihood, we obtain a cost function C:

C
(
µ|l
)

= − log
[
p
(
µ|l
)]

= − log
[
p
(
l|µ
)]
− log

[
p (µ)

]
= L

(
l|µ
)

+ τR (µ) .
(5.15)

Here, R is a regularization function with a tunable parameter τ that deter-
mines the strength of the regularization.
In iterative CT reconstruction, most regularization methods are based on lo-
cally penalizing the differences in value between neighboring voxels to obtain
a smooth image. The general formulation of such a regularization term is
given by [Fessler, 2000]:

R (µ) =
1

2

∑
i

∑
j∈Si

1

Wi,j

Φ

(
µi − µj
Wi,j

)
, (5.16)

where µ is the set of all voxel values. The index i of the first sum runs over all
image voxels and index j of the second sum over all the voxels j in the direct
neighborhood Si of the voxel i. The coefficientsWi,j are weighting factors that
account for the varying distances between the central voxel and the different
neighbors, i.e., the factor is unity for direct adjacent neighbors, 1/

√
2 for di-

agonal neighbors in the same plane and 1/
√

3 for diagonal neighbors in the
adjacent plane. Φ denotes an arbitrary scalar potential function that is ideally
convex, positive and satisfies Φ(0) = 0, e.g., the commonly used quadratic
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potential function. For the SIR used in this work, the piecewise defined Huber
function [Huber, 1964] was chosen as a potential function:

Φγ (d) =

{
1/ (2γ) d2 for d < γ,

|d| − γ/2 else,
(5.17)

with d = (µi − µj)/Wij and γ being the threshold that defines the transition
value from quadratic to linear behavior. Small differences between neigh-
boring voxels often resemble image noise, whereas large differences usually
represent edge structures in the image caused by local changes of the at-
tenuation in the sample. Consequently, by selecting a suitable γ, the Huber
regularization can be used to reduce image noise while still preserving the
edges in an image.

More details on the implementation and practical use of the presented
SIR method are given in Section 7.5.2.
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Chapter 6

The TUM NanoCT

In this chapter, the high-resolution computed tomography system at the TU
Munich, the TUM NanoCT, is introduced. The development of this system
was a significant part of this PhD project. Here, we focus on the most rel-
evant information necessary for understanding the applications presented in
the following chapters. After a brief overview of the system, the crucial com-
ponents, namely, the nanofocus X-ray source and the single-photon counting
detector are described in detail.

6.1 Basic design of the nanoCT system

The working principle of the TUM NanoCT is that of a shadow microscope
[Cosslett, 1953], i.e., the sample is illuminated by an X-ray point source and
the projection image of the sample is magnified onto the X-ray detector (see
Fig. 6.1 a). By acquiring a series of magnified projection images at different
rotation angles, a CT dataset is generated, and a three-dimensional repre-
sentation of the sample can be reconstructed. The geometrical magnification
factor M of the imaging system is defined as:

M =
SD

SC
, (6.1)

where SD is the source-to-detector distance and SC is the source-to-rotation-
axis distance. The effective edge length veff of a cubic voxel in the recon-
structed data is given by:

veff =
pdet

M
, (6.2)

where pdet is the edge length of a square detector pixel. If not stated oth-
erwise, square pixels and cubic voxels are assumed throughout this thesis.
Therefore, their sizes are usually given as one-dimensional quantities repre-
senting the respective edge length.
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Figure 6.1: The TUM NanoCT. (a) Schematic illustrating the principle of geomet-
rical magnification. (b) Rendering of the main components of the TUM NanoCT.
(c) High-precision piezo stages and a goniometer head are mounted on the rotation
stage for precise alignment of the sample relative to the rotation axis. Panels b and
c adapted from [Müller, 2017].

The essential components of the TUM NanoCT are a nanofocus X-ray
source, a rotation stage for the sample, and a single-photon counting detec-
tor (see Fig. 6.1 b). To allow for a wide range of magnification factors and
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precise alignment of the system geometry, the rotation stage and the detec-
tor are mounted on motorized linear stages that enable translations along
all three Cartesian axes with micrometer precision. The source-to-detector
distance can be varied between 190 mm and 1690 mm. Taking the typically
used source-to-rotation-axis distances (0.5 – 2 mm) and the pixel size of the
detector (172 µm) into account, the possible effective voxel sizes range from
50 nm to a few microns.

To enable accurate rotation of the sample a high-precision air bearing ro-
tation stage (RT 150S, LAB Motion Systems, Leuven, Belgium) is used. The
cogging-free direct motor with optical encoder and the air bearing design
guarantee very low values for flatness, wobble, and positioning errors, which
are crucial parameters for nanoCT measurements.

Furthermore, it is of great importance to precisely position the sample
at the center of rotation, as displacements of the specimen relative to the
rotation axis decrease the effective field of view and additionally lead to un-
necessarily large source-to-rotation-axis distances. To correct for those dis-
placements, additional stages are mounted on the rotation stage (Fig. 6.1 c).
A manual goniometer head (1005, Huber Diffraktionstechnik, Rimsting, Ger-
many) is used to compensate for angular deviations and high-precision piezo
stages (M-663.4, Physik Instrumente (PI), Karlsruhe, Germany) are installed
to correct for lateral sample shifts. To facilitate sample alignment along the
beam direction, an optical camera (DCC1545M, Thorlabs, Newton, NJ, USA)
is aligned orthogonally to the beam direction and focused on the plane di-
rectly in front of the source target.

All stages involved in the positioning and rotation of the specimen are
mounted as an overhead construction. This enables measurements in a sep-
arate water bath and provides space for additional stages to position filters
or similar components in the X-ray beam. The entire setup is built on an
optical table (Newport RP Reliance, Newport Corporation, Irvine, CA, USA)
mounted on passive pneumatic vibration isolation legs to minimize external
vibrations that may decrease the setup stability. All motorized stages are con-
trolled by customized macros implemented in SPEC (Certified Scientific Soft-
ware, Cambridge, MA, USA) a UNIX-based software package for instrument
control and data acquisition. Furthermore, all relevant acquisition parame-
ters including the exact position of all stages are automatically logged during
CT measurements to be further used in the processing and reconstruction
process.

6.2 The nanofocus X-ray source

The X-ray source installed in the TUM NanoCT is a prototype nanofocus
transmission tube developed by Excillum AB, Kista, Sweden. In the follow-
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Figure 6.2: The nanofocus X-ray source of the TUM NanoCT. (a) Photograph of
the NanoTube showing the external design including the wedge-shaped tube head.
The housing of the source is approximately 65 cm long. (b) Schematic depicting the
main components of the NanoTube. The cathode is heated with a voltage UH. The
acceleration gap is operated with the voltage UAcc and the bias field with the grid
voltage UG. The deflection of the electron beam due to alignment coil 2 and the
deflection coil is illustrated. Panel a adapted from [Müller, 2017]. Panel b adapted
from [Ferstl, 2015].

ing, we refer to this device as the ”NanoTube”. The housing of the source
contains the electron gun, various cooling circuits and magnetic shielding for
the electron optics. The transmission target is located at the very front of
the wedge-shaped tube head (Fig. 6.2 a), which allows the sample to be po-
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Figure 6.3: Emission spectra of the NanoTube. Normalized X-ray spectra for ac-
celeration voltages of 30 kV and 60 kV measured with an X-ray spectrometer. For
more information on the spectra measurements, please see Subsection 8.4.1.

sitioned very closely to the X-ray focal spot of the source and consequently
enables high magnification factors.

In Figure 6.2 b, a simplified layout of the components of the NanoTube
is depicted. For electron emission in the electron gun, a single crystal LaB6
cathode based on thermionic emission is used (for more information see Sec-
tion 2.1). The mechanical alignment of the cathode can be adjusted and op-
timized by using a software-controlled internal calibration algorithm.

The emitted electrons are accelerated towards the target in the electro-
static field between the cathode and anode. The high-voltage generator of
the NanoTube allows for acceleration voltages UAcc ranging from 10 to 60 kV
and a maximal emission power of the electron beam of 6 W.

Additionally to the acceleration field, an electrostatic bias field is gener-
ated in the vicinity of the cathode to suppress the electron emission from
undesired regions of the crystal. The strength of this bias field is determined
by the grid voltage UG. By adjusting this parameter, the opening angle into
which the electrons are emitted can be modified. Higher emission angles
lead to lower electron fluxes on the transmission target but enable smaller
focal spot sizes. Thereby, the adjustment of the bias field allows for a contin-
uous transition between a high-resolution mode with a relatively low electron
flux and a high-flux mode with lower resolutions.

After being accelerated, the electrons pass through a complex system of
electron optics, which is used to manipulate the shape, size, and position of
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Figure 6.4: The autofocus routine of the NanoTube. (a) Overview scanning image
of the structured transmission target. The bright square-like structures with rounded
corners are regions where the tungsten layer is etched away, whereas the dark area
represents the tungsten layer. (b) High-resolution scanning image of the selected
vertical edge as indicated by the blue square in (a). To obtain an averaged edge
profile with subpixel sampling and improved noise properties, the pixel intensities
are projected along the edge direction, as indicated by the green arrow. (c) An error
function is fitted to the averaged edge profile to obtain an analytical edge spread
function. The full width at half maximum (FWHM) of the associated line spread
function is used to quantify the width of the electron spot. (d) An analytical function
is fitted to the FHWMs over the range of the applied focal lens currents to determine
the optimal focus setting (indicated by the green cross). Panels c and d adapted
from [Ferstl, 2015].

the electron beam. The electro-optical system includes two alignment coil
units for the prealignment of the electron beam. Moreover, a stigmator unit,
consisting of an octopole lens, is employed to correct for astigmatic aberra-
tions. Furthermore, a deflection unit is installed to point the electron beam on
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a well-defined position on the transmission target and to ensure a high posi-
tional stability of the spot over time. Consequently, the deflection coils play
an essential role in the scanning process of the target surface as explained
later in this section. The focusing unit consists of a strong rotationally sym-
metric magnetic lens that performs the final focusing onto the transmission
target. By varying the current in this lens, the focal spot size of the electron
beam on the target surface can be altered. The advanced electro-optical sys-
tem of the NanoTube together with the spatially confined emission from the
cathode enable the generation of electron spot sizes down to approximately
200 – 300 nm when using a fresh cathode.

The transmission target is composed of a very thin layer of tungsten
(≈ 500 nm) on a diamond substrate with a thickness of 100 µm. The small
thickness of the tungsten layer combined with the relatively low acceleration
voltages leads to a small electron-matter interaction volume (see Section 2.4)
and thereby to a strong correlation between the spot size of the impinging
electron beam and the focal spot size of the generated X-rays. The emitted
X-ray spectra for acceleration voltages of 30 kV and 60 kV are depicted in Fig-
ure 6.3. Emission of X-rays with energies below approximately 4 keV is com-
pletely suppressed by the self-absorption in the target. For photon energies
between approximately 8 and 12 keV, the spectra are dominated by charac-
teristic radiation, namely, the Lα, Lβ, and Lγ emission lines of tungsten1. For
higher energies, the spectra are characterized by continuous bremsstrahlung
with the maximum photon energy determined by the respective acceleration
voltage.

A crucial feature of the NanoTube is the possibility to measure the shape
and size of the electron spot internally. For this purpose, the tungsten layer of
the target is structured similar to a checkerboard pattern (Fig. 6.4 a), i.e., the
tungsten layer is etched away in square-like regions periodically distributed
over the entire target. Moreover, the deflection unit2 can be used to scan a
region of interest (ROI) on the target with the electron beam and to generate
an image of the target surface similar to image formation in scanning elec-
tron microscopy. By measuring the created target current for each scanning
point, the ROI can be imaged with a strong contrast between the squares
consisting merely of diamond (bright squares in Fig. 6.4 a) and the surround-
ing tungsten layer (dark region in Fig. 6.4 a). Since the physical edges of the
diamond squares exhibit a high precision and sharpness, the apparent edge
width in the images depends highly on the shape and size of the electron
spot during the scanning process. Consequently, analyzing the edge profiles
in these images allows for the quantitative characterization of the focal spot

1The energies of the emission lines are: Lα1: 8.397 keV; Lα2: 8.335 keV; Lβ1: 9.672 keV;
Lβ2: 9.961 keV; Lγ: 11.285 keV [Thompson, 2009].

2In the current configuration of the NanoTube, the deflection unit and the alignment unit 2
are coupled to ensure that the electron beam goes through the center of the aperture.
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of the electron beam. This effect was used to develop a customized autofo-
cus routine for the NanoTube, which is briefly described in the following. For
more information on the development and implementation of this routine, the
reader is referred to the Master thesis of Simone Ferstl [Ferstl, 2015].

The autofocus procedure is based on the acquisition of a series of high-
resolution scanning images from the same edge with varying currents of the
focusing lens. Each image is then processed and analyzed individually in-
volving the following steps. First, an automated edge recognition algorithm is
used to determine the angle between the edge and the vertical axis of the im-
age (Fig. 6.4 b). Subsequently, the pixel intensities of the image are projected
along the edge direction to generate an averaged edge profile with subpixel
sampling and improved statistics compared to a single profile. Afterwards,
an error function is fitted to the averaged edge profile to obtain an analytical
form of the edge spread function (Fig. 6.4 c). The full width at half maximum
of the corresponding Gaussian line spread function is used to quantify the
width of the electron spot in the direction of the edge profile. In the next step,
an analytical function describing the width of the electron spot in dependence
on the lens current3 is fitted to the obtained FHWM values over the range of
the varied currents. This allows to determine the lens current that results in
the smallest FWHM (Fig. 6.4 c) and thereby the optimum focus setting for the
respective configuration of the NanoTube, i.e., for a particular grid and accel-
eration voltage, and the state of the cathode. The entire procedure is always
performed for two orthogonal edges, which further allows for the optimization
of the astigmatism corrections. Moreover, for coarse focusing and for finding
the optimum stigmator settings, an iterative three-parameter optimization with
a variance-based approach is applied. As the size of the X-ray spot of the
NanoTube is highly correlated to the electron spot size, the autofocus routine
enables the automated optimization of the shape and size of the X-ray spot
without the necessity of any external measurements.

6.3 The single-photon counting X-ray detector

The single-photon counting detector installed in the TUM NanoCT is a Pilatus
300K-W (Dectris, Baden-Daettwil, Switzerland). In the following, we briefly
present the working principle and the technical specifications of this X-ray
camera. For a more detailed description of the Pilatus system, the reader
is referred to [Bech, 2008; Kraft, 2009a; Kraft, 2009b], while comprehensive

3The focus function is given by: FWHM(Ifoc) =

√
FWHM2

opt +
[
θ
(
Ifoc − Ifoc,0

)]2
where

FWHMopt is the offset of the FHWM values, θ is the focusing angle (in radian), and Ifoc,0 is
the offset in the focal lens current. The theoretical foundation of this equation is explained in
Section 2.3.
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Figure 6.5: The X-ray detector of the TUM NanoCT. (a) Rendering of the Pilatus
300K-W. The orange arrows indicate the dimensions of the sensitive area. (b) Quan-
tum efficiency of the 1 mm silicon sensor. The blue line represents the theoretical
quantum efficiency calculated from the mass energy-absorption coefficient of silicon.
The orange line depicts the experimental absorption behavior of the Pilatus sensor.
The differences are caused by the layer structure of the sensor (see Fig. 6.6 b).
(c) Empty-beam image of the detector showing the detector gaps (black vertical
lines) and the distribution of the dead pixels (indicated by the orange squares). Panel
a adapted from [Müller, 2017].

introductions to the general concepts of single-photon counting detectors can
be found in [Ehn, 2017; Taguchi, 2013].
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The detector features an active detection area of 251.4 x 33.5 mm2 (Fig. 6.5 a).
The sensor of the camera is a reverse-biased silicon diode array with a thick-
ness of 1 mm. For X-ray energies above 13 keV, the quantum efficiency of
this sensor (Fig. 6.5 b) equals the mass energy-absorption coefficient of sil-
icon, whereas the deviating behavior for lower energies is attributed to thin
layers of other materials (see Fig. 6.6 b). The field of view of the camera
(Fig. 6.5 c) is composed of three horizontally arranged modules each con-
taining 487 x 195 pixels with a pixel size of 172 x 172 µm2. These modules
are separated by an intermodular gap corresponding to a width of 7 pixels
in which no information is recorded. Moreover, 17 dead pixels, i.e., unre-
sponsive pixels that do not contribute to the image formation process, are
randomly distributed over the entire image (indicated by the orange squares
in Fig. 6.5 c).

Each detector pixel consists of a sensor pixel and a readout pixel that are
connected individually to each other by an indium bump bond (Fig. 6.6 a).
This construction prevents the spread of the signal and creates independent
pixels that can be processed individually. Each sensor pixel is basically a
p-in-n diode (Fig. 6.6 b), which is connected to a high-voltage bias in reverse
direction, causing full depletion of the diode structure from intrinsic charge
carriers. An incoming X-ray photon is directly converted into an electrical
charge corresponding to the photon energy, which is then transported to the
electrodes in the electric field generated by the high-voltage bias.

In the readout pixel, the electrical charge from each absorption event is
processed individually (Fig. 6.6 c). Since the electrical signal corresponding
to the generated charges is usually very small, it is amplified prior to further
processing. In the next step, the signal pulse is transformed by the pulse
shaper to increase the signal-to-noise ratio (SNR), as the preamplifier also
amplifies the input noise. Subsequently, the signal is fed to the discrimina-
tor where it is compared to a preassigned threshold value. If this minimum
value is exceeded, the absorption event is digitally counted, thereby enabling
a fast signal readout without the additional noise introduced during the read-
out process in integrating detectors. This signal discrimination step is crucial
as it allows to filter out undesired signals. For instance, it enables data ac-
quisition without an intrinsic dark current, i.e., an additional charge created
by electron-hole pairs induced by thermal fluctuations in the sensor, which is
added to the signal during charge accumulation in integrating X-ray cameras.
Consequently, the used single-photon counting detector can acquire images
with superior signal-to-noise ratios compared to conventional integrating de-
tectors, which is especially beneficial when recording weak signals with a low
intrinsic SNR.

Another important function of the thresholding is the prevention of charge-
sharing effects, i.e., the counting of a single absorption event in multiple
adjacent pixels due to the broadening of the generated charge cloud [Ehn,
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Figure 6.6: Hybrid-pixel photon-counting technology. (a) Schematic layout of a
hybrid-pixel detector consisting of a semiconductor sensor bump-bonded to the read-
out electronics. (b) Scheme of sensor pixel architecture. An incident X-ray photon is
absorbed in the bulk material and directly converted into a charge cloud of electron-
hole pairs proportional to the energy of the photon. The charges are separated and
transported to the electrodes in the externally applied electric field. (c) Schematic di-
agram of the readout electronics. The incoming charge signal corresponding to one
absorption event is amplified and shaped to increase the SNR. If the signal exceeds
the threshold value (orange line) of the discriminator, it is converted into a digital
signal and stored by incrementing the counter. Abbreviation: ADC, analog-to-digital
converter. Panels a and b adapted from [Ehn, 2017].
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2017; Kraft, 2009a; Kraft, 2009b]. The possibility to suppress charge sharing
in combination with the direct conversion principle without scintillation pro-
cesses results in a box-shaped detector point spread function of one detector
pixel in size.

The Pilatus 300K-W features a high dynamic range of 20 bit4 that enables
to accurately detect very high and low photon fluxes in a single image. How-
ever, this is not relevant for the TUM NanoCT, since the photon flux generated
by the NanoTube is far too small to use the full dynamic range of the detector.

As the charge generated in the sensor is proportional to the energy of the
incident photon, the thresholding enables energy discrimination of the incom-
ing radiation. Our Pilatus system is configured to allow for a quasi-continuous
threshold selection in an interval ranging from 2.7 keV to 18 keV. In order to
maximize the number of detected X-ray photons, the camera is usually oper-
ated at the lower threshold limit.

A detailed study of the performance of the Pilatus detector in combination
with the NanoTube is presented in Chapter 8 of this thesis.

4Usually given as the binary logarithm of the ratio of maximum detectable signal to mini-
mum detectable signal. In the case of the noise-free Pilatus, the minimum detectable signal
is a single photon and the maximum detectable signal is directly given by the 20 bit counter
of the read-out circuit in each pixel.
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Chapter 7

Data processing framework of the
TUM NanoCT

In this chapter, we describe the processing steps involved to get from the
raw data acquired with the TUM NanoCT to high-quality 3D reconstructions.
While some of these steps are applied routinely to all nanoCT datasets, oth-
ers are optional, and their application depends strongly on the acquisition
parameters and the sample characteristics. The nanoCT data presented in
this work are generally used in a qualitative sense, i.e., we are not inter-
ested in the quantitative attenuation or phase properties of the investigated
specimen, but rather in the optimal visualization of the sample structures of
interest. Consequently, our goal for each dataset is to obtain a final image
contrast and quality that is suitable for the particular scientific question.

In Figure 7.1, a schematic of the processing framework is depicted. The
standard procedure for all data is identical and involves the following steps:
After correcting the background intensity and the dead pixels in the raw pro-
jections, the alignment of the projections is improved and an FBP algorithm is
applied to obtain a first 3D representation of the sample. In some cases, the
resulting data from the FBP are sufficient in quality and can be directly used
for further analysis or visualization. If the quality is not sufficient, the next step
is selected depending on the FBP result. For instance, if our FBP data show
a weakly attenuating sample with strong edge enhancement, we usually ap-
ply a phase-retrieval algorithm to the projections to improve the image con-
trast and reduce the edge enhancement. Based on the FBP reconstruction
of the projections processed with phase retrieval, we then decide if further
steps are necessary, e.g., if we combine the phase-retrieval processing with
a deconvolution algorithm to sharpen the images. In this case, the original
projections are first processed with the deconvolution method followed by the
application of the phase-retrieval algorithm and, finally, the corresponding CT
data are again reconstructed with the FBP algorithm. From this example, it
is evident that the processing of our data is usually not a linear but rather an
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CT reconstruction

processing

raw projection data

background-intensity & dead-pixel correction

projection alignment

phase retrieval

RL deconvolution

filtered backprojection

statistical iterative reconstruction

Figure 7.1: Flow chart showing the processing steps applied to data acquired with
the TUM NanoCT. The operations in solid frames are performed for all CT data,
whereas the operations in dashed frames are applied optionally.

iterative procedure.
In the following, the individual processing and reconstruction steps are

briefly described and their effects on the final reconstructed 3D data are il-
lustrated. All processing steps and algorithms described in this chapter are
implemented in Python. Please note that, for most results presented in this
thesis, there were further data processing and analysis steps involved af-
ter obtaining the reconstructed 3D dataset of a CT measurement. For in-
stance, a stitching procedure is often applied to combine several datasets
and thereby enlarge the FOV. Furthermore, we use different commercial and
non-commercial software programs for segmentation and rendering of our
3D data. Since the application of such additional processing steps varied
largely for the different samples, they are not presented in this chapter but
are described in the method sections of the respective measurements.

7.1 Background-intensity and dead-pixel correc-
tion

As described in Section 6.3, the active area of the Pilatus contains two in-
termodular gaps in which no information is recorded and several dead pixels
that are randomly distributed over the sensor area. To prevent a full infor-
mation loss for these pixels during CT acquisition, our detector is shifted for
each projection acquisition in the lateral direction by a random multiple of pix-
els within the range of 80 detector pixels, thereby spreading the information
loss over different regions of the sample. The exact magnitude and the di-
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a)

b)

Figure 7.2: Background-intensity and dead-pixel correction. (a) Raw projection im-
age showing the head region of a tardigrade acquired with a pixel size of 200 nm and
an exposure time of 2 s. The decreasing intensity towards the lateral edges is caused
by the beam profile of the X-ray source. The horizontal gaps between the detector
modules are visible in the form of thick black columns. (b) Same projection image
after application of background-intensity and dead-pixel correction. The gray-value
windowing of the individual images was adapted to make the images comparable.

rection of each detector shift are recorded by our control software. Prior to
CT acquisition, a set of flat-field images for all possible lateral positions of
the detector is acquired and, subsequently, used to separate the mean back-
ground exposure, i.e., the beam profile of the source, from the responses
of individual detector pixels. The dead pixels are masked out for this pro-
cedure to not contribute falsely to the flat-field calculation. With the gained
information, we correct the background intensity of each projection for the in-
dividual pixel responses and the beam profile corresponding to the respective
lateral detector position. Subsequently, the dead pixels are replaced in the
background-corrected projection images by linear interpolation of neighbor-
ing pixels. Afterwards, we determine the overall intensity for each projection
image and, if necessary, we compensate for the drift of the photon flux during
CT acquisition. In case the lateral margins of our projections are not covered
by the sample, we use these areas to calculate a correction map for the over-
all intensity of our images. On the other hand, when the sample covers the
entire detector area, we use correction factors based on the median of the
intensity. Finally, each projection is shifted by the associated detector shift
to obtain a geometrically consistent dataset. The effect of the described in-
tensity corrections is illustrated for a single projection image in Figure 7.2.

7.2 Richardson-Lucy deconvolution

For a linear, shift-invariant imaging system, the output image is given by the
convolution of the object function and the point spread function of the system
(see Section 4.1). Consequently, the object function of an imaged sample can
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theoretically be recovered from the recorded image by deconvolution with the
corresponding PSF. In practice, the exact determination of the object function
is not feasible. Nevertheless, deconvolution can be used to partially reverse
blurring caused by the imaging setup, and thereby increase the spatial reso-
lution in the resulting images.

Most implementations of deconvolution have been initially developed for
application to astronomical data, and there are numerous algorithms avail-
able based on different approaches, such as linear regularized methods,
Bayesian methodology or wavelet transforms [Starck, 2002]. For the nanoCT
processing, we decided to use an iterative approach proposed by Richardson
(1972) and Lucy (1974) [Lucy, 1974; Richardson, 1972], since this approach
produces good results and does not require the tedious determination of ap-
propriate regularization values, which hampers the automated use of the de-
convolution step.

The Richardson-Lucy (RL) deconvolution is a maximum-likelihood method
based on Poisson statistics. It relies on the assumption that a photon hitting
a given detector pixel is a stochastic process and that the probability of this
process can be estimated by the photon counts in that pixel. Based on this
approach, the RL algorithm calculates the most probable pixel values for the
deconvolved image iteratively using the following update equation:

o(n+1)(x, y) = o(n)(x, y)
i(x, y)

o(n)(x, y)⊗ PSF (x, y)
⊗ PSF (x, y), (7.1)

where i(x, y) is the acquired image, o(x, y) is the underlying object, PSF (x, y)
is the point spread function, PSF (x, y) is the horizontally and vertically flipped
PSF and the superscript n represents the iteration number. A detailed deriva-
tion of Eq. 7.1 can be found in [De Marco, 2015; Hahn, 2014; Richardson,
1972].

The input for the algorithm is an array containing the pixel values of the
recorded image, the corresponding point spread function in the form of a
two-dimensional array and the number of iterations. Since the RL approach
essentially acts as a high-pass filter, there is always a trade-off between an
improvement in resolution and an increase of noise. Consequently, the al-
gorithm does not converge to a global optimum and the number of iterations
has a crucial effect on the final image quality.

For processing of our nanoCT data, the RL method is applied to each
projection image of a CT dataset prior to reconstruction. The PSF is gen-
erally modeled as a two-dimensional Gaussian function. The width of the
PSF is estimated individually for each measurement by considering the rel-
evant acquisition parameters, such as the X-ray spot size, the geometrical
parameters, and the detector PSF. In this context, it is important to mention
that processing of nanoCT data with the RL algorithm is always used in con-
junction with subsequent processing steps that reduce the image noise, such
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Figure 7.3: Effect of Richardson-Lucy deconvolution. (a, c) Projection images of a
resolution pattern with 200 nm lines and spaces acquired with a pixel size of 60 nm
and an exposure time of 600 s. (b, d) CT slices showing the head region of a tardi-
grade acquired with a voxel size of 200 nm and an exposure time of 2 s per projection.
(a) The background intensity and dead pixels were corrected; no further processing
steps were applied. (b) Filtered backprojection of standard projections. (c) Richard-
son–Lucy deconvolution using 20 iterations and a rotationally symmetric Gaussian
PSF with a standard deviation of 2 pixels applied to the image in (a). (d) Filtered
backprojection of projection images processed with the RL algorithm. A rotationally
symmetric Gaussian PSF with a standard deviation of 1 pixel was used for 10 it-
erations. The gray-value windowing of the individual images was adapted to make
the images comparable. Panel a adapted from [Müller, 2017]; panel b adapted from
[Gross, submitted].

as phase retrieval or statistical iterative reconstruction. Furthermore, the full
effect of the RL method on the CT data is only evident after the reconstruc-
tion of the tomograms. Therefore, the number of iterations is adjusted for
each data set individually with regards to the final result after all processing
steps. The effects of RL deconvolution on a single projection and an entire
tomogram are depicted in Figure 7.3.
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7.3 Phase retrieval

For the small focal spot sizes of the NanoTube and the typically used source-
to-detector distances, the spatial coherence (see Subsection 3.1.4) of our
system is sufficiently high to give rise to Fresnel diffraction effects. Con-
sequently, the resulting contrast in raw projection images acquired with the
TUM NanoCT is a combination of attenuation contrast and phase effects,
also known as edge enhancement (see Subsection 3.2.3). These effects can
be exploited to improve the contrast in weakly absorbing samples by applying
phase-retrieval techniques. These methods vary in their assumptions about
the sample characteristics and the imaging regimes they can be applied to
[Burvall, 2011; Nugent, 2007].

For processing of the nanoCT data, we have chosen an approach known
as single-material method, which uses the fact that there is a direct relation-
ship between the intensity and the phase of a monochromatic X-ray beam
at the exit plane of a sufficiently weakly scattering object composed of a sin-
gle material [Mayo, 2002]. While this algorithm provides quantitative results
when the stated requirements on beam and sample are fulfilled, it can also
be used to enhance the image quality of polychromatic data from samples
composed of different materials [Bidola, 2015; Mayo, 2002], as is the case
for the processing of the nanoCT data. In the following, we briefly derive
the fundamental equation of the algorithm, for a more detailed derivation the
reader is referred to [Mayo, 2002; Paganin, 2002]. First, we assume that the
paraxial approximation is valid and that our image is acquired in the near-
field regime (see Subsection 3.2.3). Consequently, the transport of intensity
equation (TIE) is valid, which gives a relation between the phase and the in-
tensity of a monochromatic wave. For a combined phase-amplitude object
the TIE is written as [Teague, 1983]:

− λ

2π
∇⊥
[
Iω(r⊥, z)∇⊥φ(r⊥, z)

]
=

∂

∂z
Iω(r⊥, z). (7.2)

Now we assume that the object is composed of a single material and that
the wave propagation through the object can be described with the projection
approximation (see Section 3.2). Consequently, the intensity of the wave at
the exit surface of the object (z = 0) is given by:

Iω(r⊥, 0) = Iω,in exp [−µωT (r⊥)], (7.3)

where T (r⊥) is the projected thickness and Iω,in is the intensity of the wave
before passing through the object. Accordingly, the phase of the exit wave is
defined as:

φ(r⊥, 0) = −2π

λ
δωT (r⊥). (7.4)
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R2R1
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point source

z=0
contact image

z=R2
phase-contrast image

Figure 7.4: Schematic illustrating propagation-based phase-contrast imaging with
a point source. The contact image acquired directly behind the object (z = 0) is
the standard attenuation-contrast image of the object. After letting the wave propa-
gate for a distance R2, the phase-contrast image is obtained. The diffraction fringes
indicated in the intensity profile are known as edge enhancement.

When we substitute Eqs. 7.3 and 7.4 into Eq. 7.2 and reformulate the result-
ing equation, we obtain:

− δω
µω
Iω,in∇2

⊥ exp
[
−µωT (r⊥)

]
=

∂

∂z
Iω(r⊥, 0). (7.5)

If we now consider our wave to propagate for a short distance R2, we can
approximate the right part of Eq. 7.5 as:

∂

∂z
Iω(r⊥, 0) ≈ Iω(r⊥, R2)− Iω(r⊥, 0)

R2

. (7.6)

Substituting Eq. 7.6 into Eq. 7.5 and solving for the projected thickness, we
obtain:

T (r⊥) = − 1

µω
log

(
1− R2δω

2kβω
∇2
⊥

)−1
Iω(r⊥, R2)

Iω,in
. (7.7)

By writing the operator in the big brackets in its Fourier transform represen-
tation, we get:

T (r⊥) = − 1

µω
log

F⊥−1

[
µω
F⊥
[
Iω(r⊥, R2)

]
Iω,in(R2δωk2

⊥ + µω)

]. (7.8)

So far, we assumed a parallel beam geometry for our calculations. To apply
the algorithm to nanoCT, we need to transfer our findings to the case of a
cone-beam geometry, where our sample is illuminated by a point source at a
distance R1 (see Fig. 7.4). Therefore, we apply the Fresnel scaling theorem
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50 µm

b)

50 µm

Figure 7.5: Contrast improvement by phase-retrieval processing. (a) CT slice from
a human kidney tissue sample acquired with a voxel size of 370 nm and an exposure
time of 4 s per projection. The CT data were reconstructed from the original pro-
jections using a standard FBP algorithm. (b) Same CT slice as in (a) reconstructed
with standard FBP from projections processed with the phase-retrieval algorithm.
(b) shows an improved overall soft-tissue contrast and a lower noise level compared
to (a), which facilitates the differentiation between different soft-tissue types and the
identification of anatomical structures such as the protein cylinders in the lower right.
However, the image resolution in (b) is reduced due to the blurring effect of the phase
retrieval. The gray-value windowing of the individual images was adapted to make
the images comparable.

[Pogany, 1997] that states that the intensity IR1
(r⊥, z) of such a wavefield

after traversing the sample is given by:

Iω,R1
(r⊥, z) =

1

M2
Iω,∞

(
r⊥
M
,
z

M

)
, (7.9)

whereM = (R2+R1)/R1 is the magnification factor and Iω,∞ is the intensity of
the parallel beam geometry at an effective propagation distance zeff = z/M .
Substituting Eq. 7.9 into Eq. 7.8, we obtain:

T (r⊥) = − 1

µω
log

F⊥−1

[
µω
F⊥
[
M2Iω(Mr⊥, R2)

]
Iω,in(R2δωk2

⊥/M + µω)

]. (7.10)

This final formula that has been implemented in Python. The algorithm
generally requires 5 input parameters, namely, the acquired image, the effec-
tive propagation distance zeff , the wavelength λ of the monochromatic beam,
and the real part δω and imaginary part βω of the refractive index for the given
material. Since we apply the algorithm to data acquired with polychromatic
radiation, we use λeff corresponding to the mean energy of the effectively de-
tected X-ray spectrum as input for the wavelength parameter. Furthermore,
we usually image heterogeneous specimens with unknown composition and
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thereby unknown values for δω and βω. Therefore, we optimize the ratio δω/βω
for each sample to qualitatively improve the image quality.

In this work, the presented phase-retrieval technique is mainly applied to
data from weakly absorbing soft-tissue samples to increase the soft-tissue
contrast and reduce the edge enhancement effect, as demonstrated for a
stained kidney tissue sample in Figure 7.5. Since the phase retrieval acts
as a low-pass filter that decreases the resolution in the images, we often
combine it with RL deconvolution to partly compensate for the blurring.

7.4 Projection alignment

For the sub-micron voxel sizes used in nanoCT imaging, there is usually a
non-negligible misalignment between the projections of a CT dataset. These
positional errors are caused by vibrations, stage or sample drifts, and uncer-
tainties in the center of rotation. Without correcting those errors, the recon-
structed CT slices may show a substantially degraded quality or even severe
artifacts. Consequently, the projections need to be precisely aligned before
reconstruction.

One way to perform projection alignment in high-resolution CT imaging is
based on the tracking of fiducial markers attached to the specimen, as of-
ten done in electron tomography [Nickell, 2005]. However, as this technique
complicates sample preparation and introduces further reconstruction diffi-
culties, we decided to rely on a non-invasive post-processing method.

Since straight-forward approaches, such as corrections based on the cen-
ter of mass of the image, are not suitable for the cone-beam geometry of
the TUM NanoCT, we use an iterative algorithm based on tomographic con-
sistency [Allner, 2013; Guizar, 2015]. It exploits the fact that the projections
which are reprojected from the FBP of an object, are only equal to the original
projections if those were correctly aligned. However, in the case of misalign-
ment, the reprojected projections are still more self-consistent than the orig-
inal ones, since the positioning errors over several projections are averaged
during the reconstruction process. Using a cross-correlation to compare the
projections with their reprojected counter part, the alignment of each pro-
jection can be corrected in horizontal and vertical direction. To account for
misalignment on different scales, this process is performed iteratively. In the
first iteration, the reconstruction is blurred by cutting off the high frequencies
in the filter kernel of the FBP. Consequently, only the large positioning errors
are taken into account and a rough realignment is achieved that enhances
the quality of the next reprojection. In the following iterations, the spatial fre-
quency bandwidth is increased until the new alignment coordinates for each
projection are obtained with sub-pixel precision.

For the case of a nanoCT measurement, where the sample is fully con-
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10 µm
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Figure 7.6: Projection alignment based on tomographic consistency. (a) CT slice
showing the head region of a tardigrade acquired with a voxel size of 200 nm and an
exposure time of 2 s per projection. The slice was reconstructed with the original pro-
jection coordinates. (b) Same CT slice reconstructed with the corrected projection
coordinates obtained by applying the alignment algorithm. The gray-value window-
ing of the individual images was adapted to make the images comparable. Panel b
adapted from [Gross, submitted].

tained in the FOV, the alignment algorithm is usually applied to the intensity
representation of the projection image, whereas the method is applied to
the differential projection data for local tomography measurements. For both
cases, the algorithm provides robust results that clearly improve the quality
of the reconstruction, as demonstrated in Figure 7.6. Please note that we
usually apply the alignment method to the flat-field corrected projection im-
ages that are not further processed. The optimized alignment coordinates
are then further used for the reconstruction of projections processed with
deconvolution or phase retrieval.

7.5 Tomographic reconstruction

7.5.1 Filtered backprojection

For standard reconstruction, we use an in-house developed reconstruction
software based on the filtered backprojection (see Section 5.3). Here, a
Hamming filter is used as the filtering kernel and the backprojection step
is performed with a voxel-driven cone-beam projector. The geometrical pa-
rameters of the projector, such as the exact position of the source, rotation
axis, and detector, are adapted to the geometry of each nanoCT measure-
ment individually. The forward projection, which is not necessary for the FBP
but for the alignment of the projections, is performed with a ray-driven pro-
jector. The implemented projectors are parallelized for computing on multiple
graphics processing units (GPUs) and enable FBP reconstructions within a
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10 µm

a) b) c)

Figure 7.7: Effects of the different tomographic reconstruction algorithms. (a) CT
slice showing the head region of a tardigrade acquired with a voxel size of 200 nm
and an exposure time of 2 s per projection. The slice was reconstructed using
the FBP algorithm. (b) Same CT slice as in (a) reconstructed with SIR version 1.
(c) Same CT slice as in (a) reconstructed with SIR version 2. (b) shows improved
noise properties compared to (a), whereas (c) additionally sharpens the image. For
both SIRs, the same noise estimation obtained from the FBP data was used, and
the number of iterations was sufficiently high to guarantee a converged result. The
gray-value windowing of the individual images was adapted to make the images
comparable. Panels a and c adapted from [Gross, submitted].

few seconds. Detailed information about the different projector types and
their implementations can be found in [Fehringer, 2011; Fehringer, 2014].

7.5.2 Statistical iterative reconstruction

In some cases, especially for projections with a high noise level, the FBP re-
construction is of poor quality, and we additionally use a statistical iterative
reconstruction approach based on the maximum-a-posteriori principle, as ex-
plained in Section 5.4. Here, two different variants of SIR algorithms are used
that mainly differ in the implemented statistical model.

The first version, which we refer to as “SIR version 1” in this thesis, uses
a Gaussian noise model as described in Section 5.4. For regularization, an
edge-preserving Huber penalty is chosen, which takes the 3D neighborhood
into account. The transition parameter of the Huber penalty is estimated from
the background noise level of the corresponding FBP reconstructions. The
regularization strength is chosen individually for each dataset to give a good
trade-off between noise and resolution. As optimization routine, the optimized
gradient method (OGM) [Kim, 2016] is used. This algorithm is based on sep-
arable paraboloid surrogates [Fessler, 1998] with ordered subsets [Erdogan,
1999] and momentum transfer like Nesterov’s method [Nesterov, 1983].

The second variant, referred to as “SIR version 2”, has been implemented
very recently, and therefore could only be used for the most recent results.
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This SIR uses a non-linear Gaussian model that explicitly accounts for the
blurring of the source, the attenuation of the X-rays as well as their statis-
tical properties. A detailed description of the model can be found in [Tilley,
2018]. For regularization, the previously described Huber penalty is used. As
optimization routine, the limited-memory Broyden-Fletcher-Goldfarb-Shanno
(L-BFGS) algorithm [Nocedal, 1980] is applied.

The effects of the SIR algorithms in comparison to the original FBP recon-
struction are demonstrated in Figure 7.7. While data reconstructed with SIR
version 1 (Fig. 7.7 b) typically show improved noise properties compared to
the corresponding FBP data (Fig. 7.7 a), the reconstruction with SIR version 2
(Fig. 7.7 c) additionally improves the image sharpness.
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Results and applications





Chapter 8

Characterization of the TUM
NanoCT

8.1 Introduction

In this chapter, we investigate the performance characteristics of the TUM
NanoCT with the main focus on the parameters crucial for high-resolution CT
imaging.

We first present the effectively detected X-ray spectra and associated
photon fluxes for typically used imaging parameters, followed by the results
of a brief contrast-to-noise ratio analysis. After analyzing the temporal stabil-
ity of the 2D resolution of the TUM NanoCT, we assess the undesired motion
of the system components during a typical CT measurement. Subsequently,
we investigate the 2D and 3D resolving power of the system and we perform
comparative analyses with image data from a commercial CT system with
resolution specification well below 1 µm. Afterwards, the presented results
are discussed and the obtained performance data are compared to other
nanoCT systems. Finally, the used materials and methods are presented in
detail.

Since our NanoTube is a prototype, it was subject to several modifica-
tions and upgrades during the development and characterization phase of
the setup. Some of these modifications, such as changes of the high-voltage
generator, had a direct impact on the performance of the NanoTube, which
also depends strongly on the age and configuration of the used cathode.
Consequently, not all of the presented results in this chapter were acquired
under comparable operating conditions of the TUM NanoCT1. Furthermore,
this demonstrates that it is generally difficult to reliably predict the exact per-
formance characteristics of our system for a particular measurement. Never-
theless, we can use the presented results to understand the behavior and re-

1The specific acquisition parameters along with the relevant source settings are listed in
the Supporting information in Table A.1
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lations of the most relevant acquisition parameters and to estimate the overall
performance of the TUM NanoCT.

Parts of the presented results, discussion and methods have already been
published in [Müller, 2017].

8.2 Results

8.2.1 X-ray spectra and photon flux

In principle, there are several ways to tune the effective X-ray spectrum of
the TUM NanoCT. For instance, the acceleration voltage of the NanoTube
can be varied between 0 kV and 60 kV. Furthermore, the threshold of the de-
tector can be continuously selected between 2.7 keV and 18 keV. However,
since all measurements presented in this thesis were acquired at 60 kV with
the detector threshold set to 2.7 keV, we only consider this case in the follow-
ing spectra and flux analysis.

The spectrum emitted by the NanoTube at 60 kVp (Fig. 8.1 a, blue line)
has already been discussed in Section 6.2. The effective spectrum detected
by our X-ray camera for the case of no further attenuation of the X-ray beam
(Fig. 8.1 a, orange line) can be calculated by weighting the source spectrum
with the quantum efficiency of the Pilatus sensor (Fig. 6.5 b). While the emit-
ted photons with relatively low energies are absorbed very efficiently, the
quantum efficiency decreases significantly for higher energies thereby lead-
ing to a decreased mean energy of the spectrum. In practice, our X-ray beam
travels through a certain distance of air before hitting the detector, therefore,
the effectively detected spectra are hardened by air attenuation (Fig. 8.1 a,
green and gray lines). To simulate the spectra for a real measurement of a
specimen, we further have to account for attenuation by the sample. For this
reason, we weighted the spectrum corresponding to the source-to-detector
distance of 50 mm (Fig. 8.1 b, blue line) with the attenuation by an isotropic
specimen composed of soft tissue (ICRU-44, soft tissue [ICRU-44, 1989];
reference values defined by the International Commission on Radiation Units
and Measurements (ICRU)). We depict the weighted spectra for a sample
thickness of 0.5 mm (Fig. 8.1 b, orange line) and 2 mm (Fig. 8.1 b, green line),
as these values represent the typical range of sample sizes for our nanoCT
measurements.

In Table 8.1, we list the mean energies for the different spectra as well
as integrated intensities relative to the intensity of the unweighted source
spectrum. We experimentally verified the calculated intensity fractions for
different source-to-detectors distances by acquiring flat-field images at the
corresponding detector positions and subsequently determining the corre-
sponding mean values of the detected X-ray photons. For instance, the ratio
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Figure 8.1: X-ray spectra of the TUM NanoCT for varying air and sample atten-
uation. (a) Unweighted source spectrum and detected spectra weighted with the
quantum efficiency of the Pilatus sensor and different distances for air attenuation.
Spectra are normalized to the maximum of the unweighted source spectrum. (b) De-
tected spectra weighted with the quantum efficiency of the Pilatus sensor, 50 cm air
attenuation and sample attenuation for differing thickness. For the calculation of the
sample absorption, a sample composed of ICRU soft tissue was used.

between the average photon counts per pixel measured at source-to-detector
distances of 50 cm and 100 cm, was determined to be 20.4 %. On the other
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hand, the intensity ratio between the spectra for 50 cm and 100 cm air calcu-
lated from the relative intensity values listed in Table 8.1 is 80.6 %. However,
when taking into account that doubling of the source-to-detector distance re-
sults in a decrease of the solid angle covered by a pixel by a factor of 4, the
theoretically expected relative intensity is 20.1 %, which is in good agreement
with the measurement. Using this approach, we were also able to confirm the
other calculated relative intensities experimentally.

The detected photon flux per pixel, i.e., the absolute number of photons
registered in each detector pixel per second does not only depend on the
source-to-detector distance and the threshold setting of the detector, but is
also affected by several parameters of the X-ray tube, namely, the acceler-
ation voltage, the grid voltage, the emission current, the target current, and
the focal spot size. Furthermore, the generated photon flux also depends
on the configuration and the age of the used cathode. Consequently, it is
difficult to predict the exact photon flux for a given set of acquisition parame-
ters. However, by considering the flux and target current values from several
datasets, we could estimate the average photon flux per pixel for a target cur-
rent of 1 µA at a source-to-detector distance of 500 mm to be approximately
200 photons per second in a flat-field image. Since the target current for
our usual high-resolution measurements is in the range of 1 – 5 µA, the usu-
ally expected photon flux is in the order of several hundred photons per pixel
per second. In contrast, for high-flux measurements with a target current in
the range of 20 – 80 µA, the photon flux at the same source-to-detector dis-
tance is expected to be in the order of several thousand photons per pixel
per second. Accordingly, the photon flux for other detector positions can be
estimated with the intensity fractions listed in Table 8.1.

8.2.2 Contrast-to-noise ratio

To analyze the contrast-to-noise ratio (CNR) of nanoCT data depending on
the exposure time, the CNRs were determined for flat-field corrected projec-
tion images of a resolution test chart (JIMA RT RC-04, JIMA, Tokyo, Japan)
that were recorded with identical acquisition parameters except for the expo-
sure time (Fig. 8.2 a – d). The average value of the normalized transmission
A and the standard deviation σ were calculated from the regions indicated
by the blue and orange rectangles in Figure 8.2. Subsequently, the following
formula was applied to determine the corresponding CNR values:

CNR =

∣∣Ai − Aj∣∣√
σ2
i + σ2

j

, (8.1)

where i and j denote the analyzed regions in the image.
Since the X-ray camera of the TUM NanoCT is a single-photon counting
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spectrum mean energy relative intensity
[keV] [%]

source no air no sample 22.1 100
detected no air no sample 14.1 58.6
detected 20 cm air no sample 14.9 51.4
detected 50 cm air no sample 15.8 43.8
detected 100 cm air no sample 17.2 35.3
detected 150 cm air no sample 18.4 29.6
detected no air 0.5 mm sample 15.5 45.9
detected 50 cm air 0.5 mm sample 16.9 36.6
detected 150 cm air 0.5 mm sample 19.2 26.3
detected no air 2 mm sample 18.6 28.6
detected 50 cm air 2 mm sample 19.6 24.9
detected 150 cm air 2 mm sample 21.1 20.0

Table 8.1: Characteristic parameters of the detected X-ray spectra of the TUM
NanoCT for varying air and sample attenuation. The integrated intensities of the
spectra are given as fractions of the integrated intensity of the unweighted source
spectrum. The detected spectra were calculated by weighting the source spectrum
with the quantum efficiency of the Pilatus sensor.

detector which allows for image acquisition in the absence of dark-current
and readout noise, the noise distribution in our images is expected to follow
Poisson statistics. Therefore, we fitted a square-root function (orange curve
in Fig. 8.2 e) to the found CNR values (blue dots in Fig. 8.2 e). This fit function
represents the exposure-time dependence of the determined CNR values
very well, confirming our assumption of mere statistical noise. Consequently,
we can use the fit function to determine a scaling factor K that depends on
the photon flux per pixel for the used acquisition parameters (e.g., the effec-
tively detected spectrum and the target current). Using this scaling factor, the
CNR value for a given relative contrast value Crel = (Ti−Tj)/Ti with Ti ≥ Tj
can be estimated by:

CNR (Ti, Tj, t) = K
Ti − Tj√
Ti + Tj

√
t, (8.2)

where Ti and Tj are the normalized transmission values for the respective
attenuating structures and t is the exposure time.

To illustrate the exposure-time dependent CNR trend for more strongly
attenuating sample structures, we calculated the CNR as a function of ex-
posure time for a contrast of 20 % (green curve in Fig. 8.2 e) and 30 % (gray
curve in Fig. 8.2 e) relative to the background.
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Figure 8.2: Contrast-to-noise ratio as a function of exposure time. (a, b, c, d) Pro-
jection images of a resolution pattern with 200 nm lines and spaces acquired with
exposure times of 50 s (a), 120 s (b), 240 s (c), and 600 s (d). The background of
the images was corrected with a corresponding flat-field image, no further process-
ing steps were applied. The regions used for the calculation of the contrast-to-noise
ratios are indicated by the blue and orange rectangles. (e) Diagram showing the
contrast-to-noise ratio as a function of exposure time. A square root-function (orange
curve) was fitted to the CNR values calculated from the regions in the resolution pat-
tern images (blue circles). The relative contrast between the analyzed regions was
6 %. The green and gray curves represent exposure-time dependent CNR functions
for a relative contrast of 20 % and 30 %. Figure and caption adapted from [Müller,
2017].
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8.2.3 Stability

Stability measurement of the electron spot size of the NanoTube

For high-resolution CT imaging, it is crucial that the effective point spread
function of the system and thereby the sharpness of the projection images
is constant over the CT acquisition time. The focal spot size of the X-ray
source contributes strongly to the system PSF and is more susceptible to
non-negligible temporal instabilities than the other contributions (see Subsec-
tion 8.3.4). The following study about the temporal evolution of the focal spot
size of the electron beam of the NanoTube was adapted from [Ferstl, 2015].
Here, the grid value of the NanoTube was selected in such a way that the
optimal focus current determined by the autofocus routine (see Section 6.2)
corresponds to a round electron spot with a full width at half maximum of
400 nm. Subsequently, the found optimal focus current was kept constant
while edge profile measurements of the electron beam were performed for
24 h. To simulate the thermal conditions during CT imaging, the other de-
vices installed in the lead hutch of the setup were in operation mode during
the measurement, and the NanoTube was switched to operation mode briefly
before the experiment started. In Figure 8.3, the FWHM values of the line
spread function in vertical direction are depicted, however, the results in hor-
izontal direction show the same behavior. Here, it is worth noticing that the
deviations from the mean FWHM are significantly larger in the first 2 – 3 h of
the experiment than in the rest of the time.

Stability measurement with the Excillum test setup

The position stability of the focal spot of the source was investigated by the
manufacturer of the NanoTube (Excillum AB, Kista, Sweden) by acquiring a
series of projection images of a Siemens star resolution pattern (Fig. 8.4 a, b)
over 11 h and subsequently determining the horizontal and vertical shifts of
the position of the resolution pattern relative to the position in the first image
(Fig. 8.4 c). The range of horizontal shifts is 259 nm and the corresponding
standard deviation is 58 nm, whereas the range of vertical shifts is 699 nm
and the standard deviation is 76 nm. Please note that these results were
not generated with the TUM NanoCT, but with a test setup at Excillum AB
that comprises the same source and a PILATUS3 X CdTe 300K-W X-ray
camera. The NanoTube was switched to operation mode briefly before the
measurement started. Moreover, it is important to note that the calculated
shifts include the contributions of the motions of other setup components,
such as sample holder, stages, and detector.
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Figure 8.3: Size stability of the focal spot of the NanoTube. The size of the electron
spot was determined by edge profile measurements on the structured transmission
target as explained in Section 6.2. This measurement was repeated every 6 min over
a time span of 24 h. The shown FWHM values describe the vertical LSF and have a
standard deviation of 18 nm from the mean FWHM value of 400 nm. Figure adapted
from [Ferstl, 2015].

Stability measurement with the TUM NanoCT

The previous stability measurements, as well as further experiments that are
not presented here, showed that spot size, spot position and target current
of the NanoTube vary particularly strongly in the first 2 – 3 h after the source
was switched on, which is mainly caused by temperature drifts that affect the
electron optics. After this warm-up phase, the stability of all relevant param-
eters of the focal spot is significantly increased. Consequently, we routinely
set the source and other components of the setup to operation mode for at
least 2 h before we start a CT acquisition.

To investigate the positional stability of the TUM NanoCT under condi-
tions similar to typical CT measurements, all relevant setup components were
switched on 3 h before the start of the stability measurement. A resin embed-
ded sample with a diameter of approximately 1 mm was glued to a standard
sample holder and mounted onto our rotation stage in the same way as for
a typical CT measurement. Based on overview images of the specimen, we
selected a prominent sphere-like structure (Fig. 8.5 a – c), which was prob-
ably an air inclusion in the epoxy resin, and acquired a projection series of
this structure over a time span of 10 h with an effective pixel size of 310 nm.
Subsequently, we determined the horizontal and vertical shifts of the position
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Figure 8.4: Positional stability of the focal spot of the NanoTube. A series of images
of a Siemens star resolution pattern with a pixel size of 128 nm was acquired over
11 h. (a) First image of Siemens star. (b) Image after 11 h. The blue and orange
lines in (a, b) are at the same position in both images to indicate the shifts of the
structure in horizontal and vertical direction. (c) Temporal progression of horizontal
and vertical shifts relative to the position of the Siemens star in the first image. The
presented results in this figure were not generated with the TUM NanoCT, but with a
test setup of the source manufacturer that comprises the same X-ray source.

of the bubble relative to the position in the first image (Fig. 8.5 d). Here, the
range of horizontal shifts is 1110 nm and the associated standard deviation is
267 nm, whereas the range of vertical shifts is 320 nm and the standard de-
viation is 53 nm. Furthermore, we calculated the mean photon counts of the
shown ROI from each raw projection and normalized them to the maximum
value to obtain the temporal progression of the effectively detected intensity
(Fig. 8.5 d). The calculated shifts include the undesired motion of all nanoCT
components for the stationary case, i.e., the shifts comprise the motion of the
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Figure 8.5: Positional stability of the TUM NanoCT. An image of a circular-shaped
structure with a pixel size of 310 nm was taken each minute for 10 h. (a) First image
of circular-shaped structure. (b) Image after 5 h. (c) Image after 10 h. The blue
and orange lines in (a, b) are at the same position in both images to indicate the
shifts of the structure in horizontal and vertical direction. (d) Temporal progression of
horizontal and vertical shifts relative to the position of the circle-like structure in the
first image. (e) Temporal progression of mean intensity in the depicted ROI.

focal spot of the source as well as the drifts of sample, detector, and stages
for the case of no active rotation or translation of the stages.
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Figure 8.6: Regression of projection alignment shifts. Polynomial fit functions (or-
ange lines) are fitted to the horizontal shifts (blue line) determined by the alignment
algorithm for 1599 projection images distributed over 360 ◦. The root-mean-square
error (RMSE) of the fits is calculated to estimate the average magnitude of the small-
range shifts (indicated by the green range). Furthermore, the maximal range of shifts
in the original data, ∆data, and in the fit function, ∆fit, are determined.

Analysis of data from projection alignment algorithm

However, during a real CT measurement with the TUM NanoCT, there are
additional sources of motion, such as the sample rotation and the applied
lateral random shifts of the detector. As explained in Subsection 7.4, we use
an alignment algorithm to correct positional errors of the projection images
before CT reconstruction. The algorithm basically calculates the horizontal
and vertical shift for each projection that maximizes the consistency of the
measured and estimated projections. To further assess the positional stabil-
ity of our setup during CT acquisition, we analyzed the shifts calculated by
the alignment algorithm for several CT datasets of different samples. This
algorithm does not calculate the shifts relative to the first image but relative
to the mean position of the projections. Consequently, the mean value is set
to zero in the presented graphs (Figs. 8.6, 8.7, 8.8) to make the results more
easily comparable. The progression of the found shifts in dependence on the
projection angle (Fig. 8.6) typically exhibits two characteristic features. The
overall trend of the shifts shows a relatively continuous progression. This
trend is superimposed by small shifts of random direction and magnitude be-
tween consecutive projections. To analyze these two features separately, we
fitted polynomial fit functions (orange line in Fig. 8.6) to the calculated shifts
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Figure 8.7: Projection alignment shifts for CT datasets with varying voxel sizes.
(a) Horizontal shifts. (b) Vertical shifts. Each data series was plotted with its mean
value set to zero. The shifts are displayed in pixels. Abbreviation: tard., tardigrade.

(blue line in Fig. 8.6). The root-mean-square error (RMSE) of the regression
was calculated to estimate the average magnitude of the small shifts (indi-
cated by the green range in Fig. 8.6), and the minimum and maximum values
of the fit function were determined to estimate the maximum range of the
large drifts.

In Table 8.2, the results of this analysis are listed for 10 different datasets
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Figure 8.8: Projection alignment shifts for two consecutively acquired CT datasets
from the acquisition series of the velvet worm limb (see Sec. 9.2.1). (a) Horizontal
shifts. (b) Vertical shifts. Each data series was plotted with its mean value set to
zero. The shifts are displayed in pixels.

as well as the calculated mean values and the corresponding standard de-
viations for each figure of merit. The overall shape of the progression of the
shifts (Figs. 8.7, 8.8) shows common characteristics for all analyzed datasets,
namely a dependence on the rotation angle and a certain degree of symme-
try around 180 ◦. The particular shape, however, depends strongly on the
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name of voxel ∆data ∆fit ∆data ∆fit RMSE RMSE
dataset size hor. hor. vert. vert. hor. vert.

[nm] [nm] [nm] [nm] [nm] [pixel] [pixel]

tard. brain 200 1752 1487 628 598 0.465 0.061
tard. position 1 270 1866 1481 573 537 0.400 0.035
tard. position 2 270 2314 1772 804 786 0.391 0.024
tard. position 3 270 1583 1210 1351 1298 0.371 0.041
limb test 270 2634 2290 619 561 0.364 0.047
limb position 4 400 2006 1374 543 510 0.437 0.046
limb position 5 400 1721 1172 682 649 0.409 0.037
limb position 6 400 2106 1590 769 712 0.386 0.033
mouse liver 580 2730 1646 618 565 0.438 0.023
human kidney 730 3236 2175 1096 958 0.443 0.033

mean 2195 1620 768 717 0.410 0.038
SD 530 373 260 245 0.033 0.011
minimum 1583 1172 543 510 0.364 0.023
maximum 3236 2290 1351 1298 0.465 0.061

Table 8.2: Analysis of results from projection alignment algorithm. The found hori-
zontal and vertical shifts were analyzed separately for 10 datasets with varying voxel
sizes. The calculated figures of merit are explained in Figure 8.6. The mean value,
the standard deviation (SD), the minimum value and the maximum value are pre-
sented for each figure of merit. The root-mean-square error (RMSE) of the regres-
sions is given in units of the corresponding effective pixel size (in nm) to emphasize
that the RMSE values for the horizontal shifts depend strongly on the magnification
factor of the respective measurement.

shape and alignment of the respective sample, and the acquisition condi-
tions. This is demonstrated by the fact that the shifts of data from different
specimens differ significantly in shape (Fig. 8.7), whereas the shifts of two
consecutively acquired datasets from adjacent regions of the same sample
(Fig. 8.8) show very similar behavior.

The presented results further show that the maximum range of the hor-
izontal shifts is generally significantly larger than for the vertical shifts. The
maximum ranges of shifts in both directions indicate a slight tendency to in-
crease for larger voxel sizes, however, they do not appear to be directly re-
lated to the magnification. In contrast, the RMSEs representing the average
magnitudes of the small shifts in horizontal direction are clearly dependent
on the magnification factor during CT acquisition and are fluctuating around
a value of approximately 0.4 multiplied with the corresponding effective pixel
size (see Table 8.2 and Fig. 8.7). Interestingly, the average size of the small
shifts in vertical direction is more than a magnitude smaller than the average
size of the horizontal shifts and does not show a clear dependence on the
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Figure 8.9: Projection alignment shifts in horizontal direction compared to the de-
tector shifts applied during CT acquisition. The scale of the projection shifts is shown
on the left vertical axis, whereas the scale of the detector shifts is displayed on the
right vertical axis.

voxel size. This indicates that the small-scale horizontal shifts are related
to the lateral detector movements during CT acquisition that are performed
to compensate for the information loss caused by the gaps between the de-
tector modules (see Section 7.1). A comparison of the small-scale shifts in
horizontal direction to the corresponding detector shifts in several datasets
confirmed this hypothesis, as illustrated for a representative range of hun-
dred projection images in Figure 8.9.

8.2.4 Resolution

Resolution in two dimensions

To investigate the resolution of the TUM NanoCT in two dimensions, we made
use of a resolution test chart (JIMA RT RC-04, JIMA, Tokyo, Japan) that fea-
tures several patterns with a broad range of well-defined line widths (0.1 –
10 µm). Each pattern is composed of periodically arranged tungsten lines in
horizontal and vertical direction, with the lines being exactly as wide as the
spaces between them. The line widths of the test patterns for sub-micron res-
olutions increase in 50 nm steps from 100 nm to 400 nm and in 100 nm steps
from 400 nm to 1000 nm, thereby enabling a relatively precise estimation of
the smallest resolvable structures.

We acquired numerous projection images of the patterns testing different
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acquisition parameters of the nanoCT system. For an electron focal spot size
of the NanoTube of approximately 300 nm, we found that the thinnest lines
that could be clearly resolved had a width of 200 nm (Fig. 8.10 a – c). The im-
age obtained after correction of the background intensity with a flat-field im-
age already allows for the visible differentiation between the lines and spaces,
but the edges are not well-defined and the image is noisy (Fig. 8.10 a). This
could be substantially improved by applying different image processing oper-
ations to the original image. Using a Gaussian filter and a Richardson-Lucy
deconvolution [Lucy, 1974; Richardson, 1972; Zech, 2013] clearly enhances
the definition of the lines and spaces, although the overall image still exhibits
a substantial amount of noise, evidenced by its coarsely granular appearance
(Fig. 8.10 b). This noise could be further improved by applying a dictionary
denoising algorithm [Elad, 2006; Mechlem, 2016], which reduces the noise
while preserving the edges of the structures. The result is an image with a
lower noise level and sharper edges (Fig. 8.10 c) compared to the original
image. The effect of the applied processing steps on the contrast of the reso-
lution pattern is illustrated by the averaged line profiles (Fig. 8.10 d) from the
selected regions in the obtained images. The deconvolution process strongly
improves the contrast compared to the original image, whereas the subse-
quent dictionary denoising slightly decreases the contrast again. However,
the resulting contrast is still considerably higher than in the original image.

Resolution in three dimensions

Since there was no standardized resolution phantom available that is suitable
for high-resolution CT imaging with the TUM NanoCT, we selected a different
approach to assess the 3D resolution of our system. We performed a CT
scan of a glass microsphere (Corpuscular Inc, Cold Spring, NY, USA; diam-
eter≈30 µm) with an effective voxel size of 100 nm and used the resulting
CT data to analyze the edge profile of the border between the sphere and
the surrounding air (Fig. 8.11). After reconstruction with the standard filtered
backprojection algorithm, we selected a transverse CT slice through the cen-
tral region of the sample (Fig. 8.11 a) and fitted an error function to the edge
profile (indicated by the orange line in Fig. 8.11 a, c, e). The corresponding
line spread function has the form of a Gaussian function, and the FWHM of
the LSF was chosen as a measure for the resolution. To estimate the good-
ness of the fit of the edge profile, we also calculated the root-mean-square er-
ror of the regression, which describes the deviation of the original data points
from the fit function. Analyzing the marked edge profile (Fig. 8.11 b) demon-
strates that the FBP data of the original projections already show a very high
in-plane resolution (FWHM≈170 nm). However, the presented slice is rela-
tively noisy, which makes the fitting procedure less precise and results in a
relatively large value of the RMSE.
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Figure 8.10: Resolution of the TUM NanoCT in two dimensions. Projection images
of a resolution pattern with 200 nm lines (dark regions) and spaces (bright regions)
acquired with a pixel size of 60 nm and an exposure time of 600 s. (a) The back-
ground intensity and dead pixels were corrected; no further processing steps were
applied. (b) A two-dimensional Gaussian filter followed by Richardson-Lucy decon-
volution was used to process the image in (a). (c) Dictionary denoising applied to
the image in (b). The training image for the dictionary creation was the image shown
in (a). The gray-value windowing of the individual images was adapted to make
the images comparable. (d) Averaged line profiles across the vertical lines of the
resolution pattern as marked by the corresponding colored regions in (a – c). The
horizontal profiles were averaged along the vertical axis within the marked region,
and each profile was normalized relative to its maximum value. Panels a – c and
corresponding captions adapted from [Müller, 2017].

By applying a Richardson-Lucy deconvolution to the projections prior to
FBP reconstruction (Fig. 8.11 c), the resolving power could be further im-
proved (FWHM ≈120 nm). Unfortunately, the noise was also amplified by

91



8. CHARACTERIZATION OF THE TUM NANOCT

100
pixel

20 30

a
tt

e
n

u
a

ti
o

n
 [

a
.u

.]

0.0

1.0

0.5 FWHM: 
120 nm 
RMSE:
0.151 a.u. 

edge profile 

100
pixel

20 30
a

tt
e

n
u

a
ti

o
n

 [
a

.u
.]

0.0

1.0

0.5

edge profile 
error function 

FWHM: 
173 nm 
RMSE:
0.065 a.u. 

100
pixel

20 30

a
tt

e
n

u
a

ti
o

n
 [

a
.u

.]

0.0

1.0

0.5

edge profile 

FWHM: 
105 nm 
RMSE:
0.004 a.u. 

a)

c)

e)

b)

d)

f)

10 µm 

error function 

error function 

x 

z 

Figure 8.11: Resolution of the TUM NanoCT in three dimensions. (a, c, e) Trans-
verse CT slices through the center of a glass sphere acquired with 100 nm voxel size
and 5 s exposure time per projection. (b, d, f) Analysis of the edge profiles, corre-
sponding to the orange lines through the border of the sphere and the surrounding
air. Error functions with a free width parameter (blue lines) were fitted to the data
points of the edges (orange dots). The FWHM of the corresponding line spread func-
tion and the RMSE of the fit are given in the lower box in each plot. (a, b) FBP of the
original projection images. (c, d) Richardson-Lucy deconvolution applied to the pro-
jections images prior to FBP reconstruction. (e, f) Statistical iterative reconstruction
of projections preprocessed with RL deconvolution and beam-hardening correction.
The gray-value windowing of the individual images was adapted to make the images
comparable. Panels a – d and corresponding captions adapted from [Müller, 2017].
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edge processing mean FWHM mean 10 % MTF mean RMSE
[nm] [lp/mm] [a.u.]

x-axis FBP 192 4206 0.083
RL & FBP 126 5000 0.136

z-axis FBP 194 4153 0.077
RL & FBP 119 5000 0.129

Table 8.3: Results from the edge profile analysis of the 3D resolution measurement.
Mean values of the FWHM of the LSF, the 10 % MTF measure and the RMSE of the
fitted edge profiles calculated from 10 transverse slices from the central region of the
sphere. For the case that the MTF value is still above 10 % for the Nyquist frequency
of the system, the 10 % MTF measure is no longer defined and the Nyquist frequency
is given instead.

this processing step, consequently leading to a decreased goodness of the
fit (Fig. 8.11 d). To obtain less noisy data that might allow to achieve a better
fitting quality, a statistical iterative reconstruction was used. In addition to the
deconvolution processing, a simple beam-hardening correction was applied
to the projection images to reduce the influence of the cupping effect on the fit
result of the edge profile. The resulting image (Fig. 8.11 e) has sharp edges
(FWHM≈100 nm), and the data from the profile are well represented by the
fit function (Fig. 8.11 f).

To substantiate the results presented in Figure 8.11, we performed the de-
scribed edge profile analysis in orthogonal directions for 10 transverse slices
close to the center of the sphere. In Table 8.3, the mean values of the deter-
mined FHWMs of the LSFs, the 10 % measures of the corresponding MTFs
and the RMSEs of the regressions are displayed for the CT data of the orig-
inal projections (FBP) as well as for the reconstructions of the projections
processed with the Richardson-Lucy algorithm (RL & FBP).

Comparison of the performance of the TUM NanoCT with a commer-
cially available microCT device

To compare the resolving power of the TUM NanoCT to a commercially avail-
able, state-of-the-art microCT device, we used the Xradia Versa XRM-500
(Carl Zeiss X-ray Microscopy (formerly Xradia), Pleasanton, CA, USA) to ac-
quire projection images of the same resolution test chart as previously de-
scribed. With the Xradia, the smallest lines that could be clearly resolved
had a width of 1 µm (Fig. 8.12 c, d). Therefore, we used the TUM NanoCT to
acquire projections of the same pattern (Fig. 8.12 a, b) with comparable ac-
quisition parameters as for the Xradia measurement. For an acquisition time
of 10 s (Fig. 8.12 a, c), the signal-to-noise ratio is slightly lower for the Xradia
data, but still comparable to the SNR of the nanoCT data. On the other hand,
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Figure 8.12: Comparison of the 2D resolution of the TUM NanoCT and the Xra-
dia Versa XRM-500. (a, b, c, d) Projection images of a resolution pattern with 1 µm
lines and spaces. The background intensity of the projections was not corrected.
(a, b) NanoCT image acquired with a pixel size of 530 nm and an exposure time of
10 s (a) and 1 s (b). (c, d) Xradia image acquired with a pixel size of 490 nm and
an exposure time of 10 s (c) and 2 s (d). The gray-value windowing of the individual
images was adapted to make the images comparable.

the edges of the line pattern show a rather blurry appearance in the Xradia
image, whereas they appear much sharper in the nanoCT projection. For the
images with shorter exposure times (Fig. 8.12 b, d), the SNR of the Xradia
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Figure 8.13: Comparison of the CT resolution of the TUM NanoCT and the Xradia
Versa XRM-500. (a, b, c, d) CT slices depicting a similar ROI in an uncontrasted
velvet worm limb embedded in cyanoacrylate glue. (a, b) NanoCT slices with voxel
sizes of 930 nm (a) and 310 nm (b), and exposure times per projection of 0.5 s (a)
and 5 s (b). (c, d) Xradia CT slices with voxel sizes of 660 nm (c) and 270 nm (d),
and exposure times per projection of 0.5 s (c) and 5 s (d). All presented data were
reconstructed using the same FBP algorithm and filtering. The gray-value windowing
of the individual images was adapted to make the images comparable.

image acquired with 2 s exposure time is already so low that it is difficult to
identify the structures of the resolution pattern. In contrast, the SNR of the
nanoCT image acquired with 1 s exposure time is still relatively high, and the
lines are clearly visible.

To compare the 3D resolution of the devices, we used the TUM NanoCT
to acquire two CT datasets from a representative soft-tissue sample. One
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of these datasets is acquired with a relatively large voxel size (Fig. 8.13 a),
whereas the other is recorded with a rather small voxel size (Fig. 8.13 b).
Subsequently, we acquired corresponding datasets from the same sample
with the Xradia (Fig. 8.13 c, d). Unfortunately, due to a calibration error, the
voxel sizes of the nanoCT data were miscalculated, which resulted in signifi-
cantly larger effective voxel sizes when compared to the data from the Xradia.
Therefore, the sharpness of the low-resolution images is slightly higher for the
Xradia data, while the high-resolution image acquired with the TUM NanoCT
nevertheless shows a much higher detail visibility and sharpness than the
corresponding Xradia image.
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8.3 Discussion

8.3.1 X-ray spectra and photon flux

The results from the spectra analysis (Fig. 8.1 and Table 8.1) demonstrate
that the silicon sensor of our X-ray camera can theoretically detect approxi-
mately 60 % of the photons emitted by the source at an acceleration voltage
of 60 kV. While the detection efficiency is low for higher energies, the low-
energy photons, which are largely responsible for the contrast generation
during soft-tissue imaging, are detected very efficiently, rendering this sensor
a suitable choice for soft-tissue imaging with the NanoTube.

The attenuation of X-rays by air leads to an increased mean energy of
the spectrum and a lower detected photon flux. Since these effects cause a
decrease in image quality, it is advantageous to minimize the impact of air at-
tenuation during data acquisition. So far, this is merely realized by using the
smallest possible source-to-detector distance for a required voxel size. How-
ever, the presented results show that replacing the air between source and
detector with vacuum or helium could improve the photon flux significantly for
large detector distances. This would allow for shorter exposure times and/or
higher count rates in the images, which would be particularly beneficial for
high-resolution measurements at large source-to-detector distances, where
the photon flux is intrinsically low. Consequently, it might be considered for
the future to upgrade the TUM NanoCT with a helium or low-pressure vac-
uum chamber that can be inserted in the beam for measurements at large
source-to-detector distances.

The relative intensities of the spectra that include sample attenuation can
be used to estimate the generated contrast between a typical soft-tissue
specimen and the surrounding air. For example, for a soft-tissue sample
with 0.5 mm thickness measured at a source-to-detector distance of 50 cm,
we expect a relative contrast of 16.4 %. Furthermore, such simulations can
be used to demonstrate that the maximum sample size that can be imaged
with the TUM NanoCT is not only limited by the geometry of the setup but
also by the attenuation properties of the sample. For instance, for a gold
sample with 0.1 mm thickness at a source-to-detector distance of 50 cm, the
relative detected intensity of our setup is already smaller than 1 %, which
means that such a sample cannot be measured with the TUM NanoCT within
a reasonable acquisition time. However, for the usually investigated stained
soft-tissue specimens, the attenuation in the sample is small enough to con-
sider the sample size to be limited by the setup geometry only. The literature
values used to simulate the sample attenuation represent soft tissue in the
human body, i.e., the tissue contains water. In contrast, most of the samples
presented in this thesis were subjected to critical point drying (CPD) before
imaging. While there are no literature values for CPD soft tissue available,
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a generally weaker absorption compared to wet samples is expected due to
the reduced density. Consequently, the contrast between a CPD sample and
the surrounding air is expected to be lower as estimated by the presented
results.

The results of the spectra calculations do not account for the charge-
sharing effect of the detector, which can affect the energy distribution as well
as the detected intensity of the spectra significantly [Kraft, 2009a]. How-
ever, to include this effect into the spectra calculations, a complex energy-
dependent treatment of charge sharing would be necessary, which goes be-
yond the scope of this work.

8.3.2 Contrast-to-noise ratio

The presented results of the CNR analysis (Fig. 8.2) demonstrate that the
SNR of projection images recorded with the TUM NanoCT is proportional to
the square root of the exposure time. This confirms that our single-photon
counting detector enables data acquisition without dark-current and read-
out noise, which is very important when imaging with low photon statistics
and thereby with intrinsically low SNRs. The demonstrated CNR values are
valid for the maximum source-to-detector distance of our setup and the high-
resolution configuration of the NanoTube that is characterized by a very low
photon flux. Thus, for shorter source-to-detector distances and/or other tube
settings, the scaling factor for the square-root function is considerably higher,
and the same CNR values can be reached with lower exposure times.

The dose-fractionation theorem [Hegerl, 1976] states that, for the case
of sufficiently high angular sampling2, the total dose required to achieve sta-
tistical significance for each voxel of a CT reconstruction is the same as that
required to obtain a single 2D image of the pixel at the same level of statistical
significance. Consequently, a similar CNR trend as shown for the projection
images can be expected when changing the total exposure time of a CT mea-
surement.

The presented study was mainly performed to asses the qualitative be-
havior of the CNR in dependence on the exposure time. To reliably predict
the expected CNR values for different samples and acquisition parameters,
more comprehensive studies have to be performed in the future with a par-
ticular focus on the material and energy dependence of the CNR and the
occurring beam-hardening and phase effects.

2The exact assumption is that the number of angular projections acquired over a range of
180 ◦ is sufficiently high to avoid any undersampling artifacts in the reconstruction.
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8.3.3 Stability

The results from the electron spot size measurements over time (Fig. 8.3)
showed that the distribution of the FWHM values around the average is rel-
atively isotropic and stable over time except for a number of values in the
first hours of the measurements, which is probably due to a warm-up effect
of the source. When excluding the FHWM values from the first 3 hours, we
obtain a standard deviation of 13 nm for the mean FWHM value of 396 nm,
which corresponds to a relative deviation of approximately 3 %. However,
considering that the determined variance of the FWHM values also includes
the inaccuracies of the algorithm and the systematic errors of the FOV scans
[Ferstl, 2015], the typical mean fluctuation of the spot size is expected to be
even smaller than estimated by the determined figures of merit. Here, it is
important to note that the calculated FHWM values describe the size of the
focal spot of the electron beam. The size of the X-ray focal spot, on the other
hand, depends highly on the interaction volume of the electrons in the trans-
mission target and can differ from the size of the electron spot. Nevertheless,
since the size ratio between the electron spot and the corresponding X-ray
spot is constant over time, the relative deviation determined for the size of
the electron spot is expected to be also valid for the X-ray spot. Consider-
ing the presented results and the fact that the total acquisition time for a CT
measurement with the TUM NanoCT ranges from 1 to 7 h, we can assume
the focal spot size of our X-ray tube to be approximately constant throughout
the duration of a CT scan.

During the first 2 –3 h of the stability measurement performed by Excillum
(Fig. 8.4), the shifts of the sample position in the image are more pronounced
than in the rest of the measurement. Those larger shifts in the first hours are
most probably caused by thermal instabilities during the warm-up phase of
the source and can be easily avoided during CT acquisition by switching the
source to operation mode a few hours before the actual measurement starts.
Excluding the results from the first 3 hours of the measurement, the shifts
of the pattern are rather periodically distributed around a mean value with
a standard deviation of approximately 40 nm for both directions. Taking into
account that the obtained shifts in this study include the movements of all
components of the test setup, the average fluctuation of the focal spot posi-
tion is expected to be even smaller than estimated by the calculated standard
deviation.

The environmental and technical conditions during the stability measurement
of our nanoCT system (Fig. 8.5) were comparable to the conditions during
a typical CT scan, therefore, the presented results are not affected by the
warm-up effect of the source or other setup components. Considering the
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found horizontal and vertical shifts of the sample position in the acquired im-
ages (Fig. 8.5 d), it is important to note that the determined small-range shifts
between consecutive images are not only caused by physical motion of the
setup components, but are partly attributed to the relatively high noise level
in the recorded images, which leads to imprecisions of the algorithm used to
determine the shifts. The overall temporal evolution of the horizontal shifts
in this study represents a rather constant movement of the sample position
in the image instead of isotropic deviations around a mean position. There-
fore, the given standard deviation is not a meaningful parameter to estimate
the positional stability. Here, the total range of shifts should be considered
instead, which indicates that the total positional drift of the sample position
can be expected to be in the order of several hundred nanometers for CT
measurements with relatively long acquisition times.

The measured mean intensity (Fig. 8.5 e) of the shown ROI is increas-
ing rather constantly over the time of the measurement with a difference of
approximately 3 % between the first and the last image. A very similar behav-
ior was found for the mean intensity of the entire images and the measured
electron flux on the target of the NanoTube during the measurement. Fur-
ther investigations confirmed that the changes of the detected mean intensity
in flat-field projection images is proportional to the changes in the electron
flux. The stability of the electron flux is affected by the aging process of the
cathode, i.e., the emission characteristics of the LaB6 crystal alter over time.
The life cycles of the used cathodes are characterized by phases of vary-
ing emission stability, which depend strongly on the absolute age (the total
amount of emitted energy so far). The linear progression and the small range
of intensity changes in our results indicate that the cathode was in a phase
of relatively stable emission during this experiment. In contrast, we have ob-
served much larger intensity changes (up to 20 %) with either a linear or a
periodic progression for CT experiments during phases of unstable cathode
emission. For global CT measurements, where the sample does not cover
the entire detector area, such intensity instabilities can be easily compen-
sated by weighting each projection image with a factor determined from the
respective background intensity (see Section 7.1). For local CT measure-
ments, on the other hand, where the sample covers the entire detector area,
the currently used median-based algorithm is not always capable of correct-
ing the mean intensity changes correctly, which can lead to a decreased
reconstruction quality. Since the electron current on the transmission target
can be determined easily and reliably during a CT measurement regardless
of the sample size on the detector, it might be beneficial to use a correction
method based on this current to compensate the intensity instabilities of the
NanoTube in the future.

Comparing the positional shifts from our experiment to the results (exclud-
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ing the first 3 h) from the measurement by Excillum demonstrated that the
total ranges of shifts are significantly larger for the data from our nanoCT
system, in particular in the horizontal direction. Moreover, the overall tempo-
ral evolution of the shifts shows very different characteristics in both studies.
Unfortunately, it is rather speculative to discuss the reasons for these dif-
ferences, since the results from both experiments include the motion of all
components of the respective setup. Probable causes might be different en-
vironmental conditions as well as the fact that different samples, detectors,
and stages were used for both experiments. Furthermore, the cathodes in
the used NanoTubes had a significantly different age and a slightly different
initial configuration of the emitting crystal, which might have caused a deviat-
ing behavior of the motion of the X-ray spot. A common characteristic of both
experiments is the fact that there is no visible difference in image sharpness
when comparing the first and last image of the respective measurements,
which substantiates the conclusions from the spot size measurements of the
electron spot.

For the interpretation of the data from the projection alignment algorithm
(Figs. 8.7, 8.8, 8.9; Table 8.2), it is essential to consider that this method does
not only correct for positional instabilities of the system components, but also
compensates perspective errors or geometrical misalignment effects in the
projection data. This can be demonstrated by considering the small-range
shifts in horizontal direction that are related to the lateral detector movements
during image acquisition. During the standard processing of our data, each
projection image is shifted back by the magnitude and direction of the asso-
ciated detector movement before the tomoconsistency alignment is applied
to provide a reasonable initial guess to the algorithm. Consequently, the de-
termined small-range shifts do not compensate the actual detector shifts, but
rather the perspective inconsistencies caused by the slightly changing projec-
tion geometry for different lateral detector positions. Similarly, the algorithm
also corrects for the relative misalignment of the source, the rotation axis,
and the detector, which is the main reason for the periodicity and symme-
try around 180 ◦ of the overall progression of the horizontal shifts. On the
other hand, we observed that mechanical forces created by the cabling of the
piezo stages during sample rotation can also introduce angular-dependent
shifts in both directions, which may partly explain the angular dependence
of the vertical shifts. Furthermore, we can also see a linear trend in some
shift datasets, which indicates relative motion between the setup compo-
nents, probably caused by temperature drifts.

Due to the reasons mentioned above, the shifts found by the projection
alignment algorithm do not represent the actual physical instabilities reliably.
Nevertheless, the results can still be used to estimate the expected maximal
motion in horizontal and vertical direction during a typical CT measurement
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to be in the order of 2 –3 µm .

Conclusion: We showed that the focal spot size of the source is suffi-
ciently stable over time to guarantee a constant effective resolution during
the duration of nanoCT measurements. This is a crucial requirement for high-
resolution CT imaging since a varying sharpness of the projection images is
rather difficult to correct by post-processing and usually leads to a decreased
resolution of the reconstructed data.

The results from the position stability measurements and the analysis of
the alignment shifts demonstrate that it is difficult to make any reliable quan-
titative predictions about the undesired motion of the different setup compo-
nents. Nevertheless, when considering the sharpness of our reconstructed
CT data, in particular the results from the sphere, we can state that the posi-
tional stability is usually high enough so that the introduced positional errors
can be compensated by the alignment algorithm.

8.3.4 Resolution

For the interpretation of the results from the resolution measurements, it is
necessary to discuss the point spread function of our system, which de-
scribes the image blurring introduced during the image formation process
and the subsequent reconstruction. The PSF of a linear imaging system is
defined as a convolution product of the PSFs of the individual setup compo-
nents, which can be expressed in frequency space as a product of the indi-
vidual modulation transfer functions (see Section 4.1). For the TUM NanoCT,
the system MTF depending on the spatial frequencies (u, v) and the magnifi-
cation factor M can be modeled approximately as:

MTFsys(u, v,M) ≈MTFsrc

(
M − 1

M
u,
M − 1

M
v

)
·MTFdet

(
1

M
u,

1

M
v

)
·

MTFsam,vib(u, v).
(8.3)

The contribution of the X-ray source MTFsrc to the system MTF increases for
higher magnification factors, whereas the influence of the detector MTFdet

decreases for higher magnifications. In contrast, the contribution of the sam-
ple vibrations MTFsam,vib is independent of the magnification factor. In other
words, the absolute width of the sample vibration induced PSF is independent
of the actual effective pixel size. However, a certain scale of vibrations has a
stronger blurring effect for smaller pixels. Vibrations of the source and detec-
tor also contribute to the system PSF. Since these contributions depend on
the magnification factor, we assume them to contribute to the respective PSF
of the source and the detector in the presented model. The separation and
quantitative measurement of the individual contributions is a very complex
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and time-consuming task, which was not performed in this work. Therefore,
we will discuss the individual components of our system PSF qualitatively.

It has been demonstrated that the approximation of the 1D profile of the
electron beam as a Gaussian function provided the most reasonable results
among the tested profile functions for the autofocus routine [Ferstl, 2015].
The shape and size of the X-ray spot, however, depends highly on the inter-
action volume of the electrons in the transmission target (see Section 2.4)
and does not necessarily resemble the shape of the electron spot. The sym-
metry of the 2D PSF of the spot depends strongly on the used tube param-
eters, such as the focus current and the stigmator settings. Nevertheless,
since the source parameters are automatically optimized to obtain a round
spot before each CT measurement, we can assume the source PSF to be
radially symmetric.

The manufacturer describes the PSF of the Pilatus detector as an almost
box-like 2D function with a horizontal and vertical FWHM of 172 µm, which
corresponds to the edge length of a detector pixel. This model is only valid
as long as charge sharing can be neglected. When a photon hits the sen-
sor close to a pixel boundary, the total charge created might spread over
two or more neighboring pixels, thereby causing each pixel to register a pho-
ton count with reduced energy. This effect changes the shape and enlarges
the FWHM of the detector PSF, thereby reducing the spatial resolution and
causing a positive correlation between photon counts in neighboring pixels.
However, the practical impact of this effect depends strongly on the ratio be-
tween the effective volume of the charge cloud created by a single photon
and the size of the sensor pixel. For monochromatic measurements, charge
sharing effects can be completely avoided by setting the detector threshold
to half the energy of the X-rays. Thereby, the incoming photon is either de-
tected in the pixel where more than half of its energy is deposited or not
detected at all. For a polychromatic spectrum, the situation is more compli-
cated as the charge spread depends on the energy of the incoming photon
[Kraft, 2009a]. We did not perform any studies investigating the detector PSF
in dependence on the selected threshold energy during the characterization
measurements. Therefore, we used a tube acceleration voltage of 60 kV and
a detector threshold of 2.7 keV throughout the measurements of this thesis
to maximize the detected photon flux of our setup. In a recent study, we
determined the intensity spread into neighboring pixels at different detector
thresholds from noise correlation measurements. The results from this study
(see Supporting material Sec. A.1.1) indicate that charge sharing cannot be
neglected at the chosen threshold value of 2.7 keV and that it might be ben-
eficial to use a higher threshold. However, those results are preliminary, and
further studies should be performed in the future to address this question.

The third contribution to the total spatial system responseMTFvib includes
all movements of the sample and sample stages that occur on a shorter time
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scale than the exposure time per image and thereby cause a blurring ef-
fect in the initial projection images. These movements can be assumed to
be isotropically distributed and the shape of the corresponding PSF can be
modeled with a radially symmetric Gaussian function.

Additionally, the resolving power of the imaging system can be further de-
creased by scattering and diffraction effects. The scattering of the photons
by air depends on the source-to-detector distance, whereas scattering by the
specimen depends highly on the material and thickness of the sample. On
the other hand, the edge-enhancement effect caused by Fresnel diffraction
depends effectively on the source-to-sample distance for the typically used
magnification factors. Furthermore, all three effects depend highly on the
used X-ray spectrum. Due to this complex dependencies, these contribu-
tions cannot be modeled in a general way as a global PSF and have to be
considered individually for each measurement.

The combined PSF of the contributions discussed so far essentially de-
termines the 2D resolution of a projection image acquired with the TUM
NanoCT. Consequently, the resulting PSF would be the ideal input for our
deconvolution algorithm. However, we use the Richardson-Lucy processing
in a merely qualitative way to sharpen our images and compensate for blur-
ring introduced by phase retrieval. For this purpose, modeling of the PSF as
a Gaussian is a reasonable choice.

The resolution achieved in projection images does not necessarily cor-
respond to the resolution of the CT data obtained with the same imaging
system. In addition to the image quality of each projection image, various
factors affect the resolution of the resulting CT slices. Tomographic acquisi-
tion parameters, such as the angular sampling, have a substantial impact on
the sharpness of the resulting images, as do the applied filtering and interpo-
lation methods during reconstruction. Additionally, positional drifts of setup
components during CT acquisition and the resulting misalignment of the an-
gular projections leads to a decreased resolution in the reconstructed data.
While the misalignment of the projection images is largely compensated by
the usually applied alignment algorithm, this issue cannot be neglected en-
tirely and might still decrease image quality of the reconstructed slices. The
impact of the reconstruction parameters on the resolution of the resulting 3D
data has to be considered individually for each reconstructed dataset.

From the discussion above, it is evident that a precise general quantitative
description of the system PSF is rather tricky and depends on numerous ef-
fects and parameters. Nevertheless, the analysis of the sphere data showed
that modeling the line spread function as a Gaussian provides reasonable re-
sults for the fitting of edge profiles in 3D data acquired with the TUM NanoCT.

The images of the resolution pattern (Fig. 8.10) show that we can clearly vi-
sualize 200 nm structures in two dimensions. Furthermore, we demonstrate
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that processing our data with deconvolution and dictionary denoising tech-
niques can considerably improve the visibility of the 200 nm lines. The effect
of dictionary-denoising processing is particularly high for the binary struc-
tures in the resolution pattern, whereas the improvement in image quality
could potentially be less pronounced in samples with more complex struc-
tures. We were not able to resolve the 150 nm lines of the resolution test
chart during our resolution measurements, even though it has been demon-
strated that the NanoTube can create small enough X-ray spots that allow for
the visualization of these structures in projection images [Nachtrab, 2015].
The main reason for this limitation was probably the fact that we could not
realize smaller source-to-sample distances due to the shape of the resolu-
tion pattern housing and the spatial limitations of the setup. Therefore, we
were unable to overcome the limitations posed by Fresnel diffraction effects
[Cosslett, 1953]. Furthermore, the spot sizes determined by the autofocus
routine are less reliable for very small focal spots. Therefore, it is not certain
whether the focal spot of the source was small enough during our measure-
ments to resolve 150 nm lines and spaces.

The results obtained from edge analysis of the sphere (Fig. 8.11 and Ta-
ble 8.3) demonstrate that our system can perform CT scans with a resolution
down to 120 nm in the transverse plane. We further showed that deconvo-
lution with a suitable PSF increases the effective resolution of our CT data
considerably, which is also demonstrated for other datasets in this thesis. For
the sphere, SIR with combined deconvolution and beam-hardening correction
provided even higher resolutions. However, this cannot be transferred directly
to other samples, as the used SIR is optimized to preserve edges well, but
potentially leads to decreased detail visibility in samples with feature sizes of
a few pixels. Therefore, the resolution measures from the SIR data should not
be used to estimate the general resolving power of our CT system. Further-
more, it should be noted that the imaged sphere was considerably smaller
(≈30 µm) than the usually investigated samples. For larger samples, the
smallest possible voxel size is limited by geometrical constraints of the TUM
NanoCT and the resolution might be further decreased by stronger scatter-
ing of the X-rays in the specimen. Consequently, a maximum resolution of
150 – 200 nm is a more realistic estimation for the typically studied soft-tissue
samples.

Due to technical constraints, we were not able to reliably determine the
resolution along the rotation axis with the presented sample. Nevertheless,
when considering the isotropic resolution of the presented projection image
and the fact that the positional drifts of our setup are even higher in horizontal
than in vertical direction, we can conclude that the TUM NanoCT is capable
of achieving comparable resolutions in the direction of the rotation axis as in
the transverse plane. This is further substantiated by the fact that we did not

105



8. CHARACTERIZATION OF THE TUM NANOCT

observe anisotropic resolutions in any datasets recorded with our nanoCT
system.

Conclusion: The PSF of the TUM NanoCT system is a complex function de-
pending on numerous effects and parameters. Nevertheless, we showed that
it can be well approximated as a radially symmetric Gaussian and thereby
the resolution can be estimated by the associated FWHM. The maximum 3D
resolution demonstrated with the TUM NanoCT is approximately 120 nm. For
the typically investigated soft-tissue samples, isotropic 3D resolutions down
to 150 – 200 nm are possible.

8.3.5 Comparison with other high-resolution CT systems

To evaluate the assessed performance characteristics of the TUM NanoCT,
they need to be compared to performance data of similar X-ray CT systems.
Unfortunately, only one other device with comparable specifications, the Xra-
dia Versa XRM-500, was accessible for test measurements. This microCT
device comprises a sealed tube with a tungsten transmission target and a
scintillator-based CCD camera. The magnification of this imaging system is
achieved by the combination of geometrical magnification and optical lenses
between the scintillator and the CCD sensor [Feser, 2008]. The manufacturer
specifies the resolution of this device to reach values below 0.7 µm. Such
resolutions are possible at lower power settings [Bidola, 2017], however, in
our measurements (Figs. 8.12, 8.13), where we used settings comparable to
the TUM NanoCT, the maximum resolution of the acquired Xradia data was
rather in the range of 0.9 - 1 µm, which is consistent with findings from a com-
prehensive resolution characterization of this system [Bidola, 2017]. In con-
trast, the previously discussed results from the TUM NanoCT showed that we
can resolve structures down to 0.2 µm in 2D and generate 3D datasets with
a similar resolution. Furthermore, the comparative analysis of the projection
data demonstrates that the SNR of nanoCT data acquired with relatively low
photon counts is significantly higher than the SNR of corresponding Xradia
data. The superior performance of our nanoCT system for low photon statis-
tics is due to the single-photon detection principle applied by our detector.
In contrast to conventional flat-panel detectors or CCD cameras, the used
single-photon detector enables image acquisition without readout and dark
current noise. This dramatically improves the data quality when imaging at
low photon statistics. Consequently, the acquisition time per projection image
can still be relatively short, even for the very low photon flux of X-ray spots
in the nanometer range. Moreover, due to the direct conversion principle and
the very sharp PSF of our X-ray camera, it does not suffer from the usual de-
crease in resolution caused by the signal spread within the scintillation layers
of scintillation-based detectors.
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There are several commercially available micro/nanoCT devices based on
transmission tubes with resolving powers between 0.5 µm and 1 µm [Bruker,
2018; GE, 2018; Kastner, 2015; Rigaku, 2018; Zeiss, 2018a]. Furthermore,
there are custom-built setups relying on the same principle [Dierick, 2014;
Kim, 2007; Salamon, 2008] that can achieve resolutions down to 400 nm
[Dierick, 2014; Kim, 2007]. The superior resolution of the TUM NanoCT
compared to these systems is mainly due to the capability of the NanoTube
to create smaller X-ray spots than the transmission tubes installed in these
devices. Further factors are the previously discussed benefits of our single-
photon counting detector since all other referenced systems use either a
CCD or a flat-panel detector. However, it has to be considered that most
of the other devices are rather multi-scale imaging systems than specialized
nanoCTs. Therefore, these systems provide other benefits, such as shorter
acquisition times and/or a broader range of sample sizes.

On the other hand, commercially available table-top devices using the
K-emission line of rotating anode generators at 8 keV combined with X-ray
lenses can acquire CT data at resolutions down to 50 nm [Kastner, 2015;
Tkachuk, 2007; Zeiss, 2018b]. Compared to such a quasi-monochromatic
optics-based CT imaging system, our nanoCT offers several advantages, for
example, an infinite depth of focus that allows a larger and more adaptable
field of view. Furthermore, the full polychromatic spectrum of the NanoTube,
which reaches up to 60 kVp, broadens the potential applications to larger
and more strongly absorbing samples that cannot be penetrated by X-rays
with energies below 10 keV. Moreover, shorter acquisition times are possible
for comparable voxel sizes, reducing the overall acquisition times for full CT
datasets, and thereby favoring an effective workflow in research groups with
multiple users.

Following a different approach, X-ray spot sizes in the nanometer range
can be generated by pointing a highly focused electron beam at a suitable
metal target, e.g., by using a scanning electron microscope [Bruyndonckx,
2010; Mayo, 2003] or an electron probe micro-analyzer [Hanke, 2009]. While
these devices can achieve a resolution below 100 nm in projection images
[Sasov, 2011; Stahlhut, 2014], CT imaging at a comparable resolution has
not yet been demonstrated with such a system.

Finally, at synchrotron radiation facilities, there are dedicated nanoCT
beamlines that can achieve a CT resolution well below 100 nm. Here, the X-
ray microscopes based on Fresnel Zone Plates [Yin, 2006] are usually limited
to energies below 10 keV and thereby to sample sizes in the 100 µm range.
In contrast, CT systems that use Kirkpatrick-Baez optics and/or waveguides
to generate focal spots in the nanometer range [Kalbfleisch, 2011; Mokso,
2007] can be operated in the hard X-ray range and allow for imaging of larger
samples.
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Conclusion: The comparative analysis demonstrated that the TUM NanoCT
can achieve a significantly higher resolution than the Xradia Versa XRM-
500 and, furthermore, provides superior SNRs in images acquired with low
photon statistics. Comparing the performance characteristics of the TUM
NanoCT to specifications from other nanoCTs indicates that our system can
achieve the highest 3D resolution among the laboratory-based, lens-free
nanoCT devices currently available.
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8.4 Methods

Parts of the following methodological descriptions have already been pub-
lished in [Müller, 2017].

8.4.1 X-ray spectra measurements

For the spectra measurements of the NanoTube (Fig. 8.1; Table 8.1), we used
an X-ray spectrometer (Amptek X-123, Amptek Inc., Bedford, MA, USA) with
a 500 µm thick silicon sensor, which was positioned 18 mm downstream of
the source. Test measurements were performed to find the lateral and vertical
position of the sensor that maximized the input count rate of the spectrometer.
At this position, the spectrum was then recorded with 8192 energy bins for
600 s. Subsequently, the measured data were calibrated by using the charac-
teristic emission lines of the tungsten target. To obtain the effectively emitted
spectrum of the source, the calibrated results were corrected for the detec-
tion efficiency of the silicon sensor as well as for the attenuation of the X-rays
by air and the beryllium window of the spectrometer. Afterwards, the source
spectrum was weighted with the quantum efficiency of the Pilatus detector
(data obtained from manufacturer) and the attenuation factors for air (dry air,
near sea level; data obtained from xraylib library [Schoonjans, 2011]) and
sample absorption (soft tissue, ICRU-44; data obtained from xraylib library
[Schoonjans, 2011]). The steps described in this paragraph were performed
by Simone Ferstl and Mark Müller.

8.4.2 Stability measurement of the electron spot size of
the NanoTube

For these measurements (Fig. 8.3), the grid voltage was set to 1500 V, and
the autofocus routine was applied to focus the electron beam to a round spot
with a FWHM of 400 nm. Subsequently, electron beam scanning images of
the same ROI of the transmission target were taken every 6 min over a time
of 24 h. The edge profile of each image was analyzed to obtain the FWHM
of the focal spot. More detailed information about this measurement can be
found in Section 4.1 in [Ferstl, 2015].

8.4.3 X-ray imaging with the TUM NanoCT

All presented data acquired with the TUM NanoCT were recorded with an
acceleration voltage of 60 kV and an emission current of 100 mA. All CT
datasets were acquired with 1599 projections evenly distributed over 360 ◦.

For the CNR measurement (Fig. 8.2), we acquired 4 projection images
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of the 200 nm resolution pattern with an effective pixel size of 60 nm. The
exposure times were 50 s, 120 s, 240 s, and 600 s respectively.

For the stability measurement of the nanoCT system (Fig. 8.5), a series
of 600 images with a pixel size of 310 nm were acquired with an acceleration
voltage of 60 kV. Each image was recorded with an exposure time of 40 s fol-
lowed by a sleep time of 20 s before the next image was taken, resulting in a
total acquisition time of 10 h.

For the 2D resolution measurements (Fig. 8.10), we acquired a projection
image of the 200 nm resolution pattern with an effective pixel size of 60 nm
and an exposure time of 600 s.

The CT dataset of the silicon sphere (Fig. 8.11) was acquired with an ef-
fective voxel size of 100 nm and an exposure time of 5 s per projection image.

For the 2D resolution comparison with the Xradia (Fig. 8.12), we recorded
2 projection images of the 1 µm resolution pattern with an effective pixel size
of 530 nm and exposure times of 10 s and 1 s.

For the 3D resolution comparison with the Xradia (Fig. 8.13), we per-
formed 2 CT scans of an unstained velvet worm limb. The low-resolution
dataset was recorded with an effective voxel size of 930 nm and 0.5 s expo-
sure time per projection, whereas the high-resolution dataset was acquired
with 310 nm and 5 s exposure time per angle.

The acquisition parameters of the CT datasets used for the analysis of
the alignment shifts are described in the respective chapters where the ac-
tual CT results are presented. Furthermore, a comprehensive compilation of
the detailed acquisition parameters for all presented measurements in this
chapter can be found in Table A.1. The steps described in this paragraph
were performed by Mark Müller.

8.4.4 X-ray imaging with the Excillum test setup

For the stability measurement performed by Excillum (Fig. 8.4), the accel-
eration voltage of the NanoTube was 60 kV and the energy threshold of the
used detector, a PILATUS3 X CdTe 300K-W X-ray camera, was set to 8 keV.
A series of images from a Siemens star resolution pattern was acquired over
a time span of approximately 11 h. Each projection image was acquired with
an exposure time of 100 s and an effective pixel size of 128 nm. After correct-
ing for dead pixels and changes in the background intensity of the recorded
images, the relative shifts of the Siemens star are calculated by using an al-
gorithm based on the cross-correlation of two images. The steps described
in this paragraph were performed by the team of Excillum, AB, Sweden.
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8.4.5 X-ray imaging with the Xradia Versa XRM-500

For the 2D resolution comparison (Fig. 8.12), we used the Xradia Versa XRM-
500 (Carl Zeiss X-ray Microscopy (formerly Xradia), Pleasanton, CA, USA)
in the configuration with the 20 x magnification lens to record 2 projection im-
ages of the 1 µm resolution pattern with an effective pixel size of 490 nm and
exposure times of 10 s and 2 s. The acceleration voltage was 60 kV at a total
power of 5 W.

For the 3D resolution comparison (Fig. 8.13), we used the Xradia to per-
form 2 CT scans of an unstained velvet worm limb. The low-resolution dataset
was recorded with an effective voxel size of 660 nm and 0.5 s exposure time
per projection, whereas the high-resolution dataset was acquired with 270 nm
and 5 s exposure time per angle. Both measurements were performed with
the 20 x magnification lens and an acceleration voltage of 60 kV at a total
power of 5 W. Both CT datasets were reconstructed with the standard FBP
algorithm. The steps described in this paragraph were performed by Mark
Müller.

8.4.6 Data processing and analysis

For the study of the positional stability of our nanoCT system (Fig. 8.5), we
corrected the background intensity and dead pixels in each acquired image.
Subsequently, a small ROI was chosen in such a way that it included the
spherical structure in all images. After applying a Gaussian filter to reduce
the image noise, the relative shifts of the spherical structure were calculated
by using an algorithm based on the cross-correlation of two images.

For the analysis of the tomoconsistency results (Figs. 8.6, 8.7, 8.8, 8.9;
Table 8.9), the determined shifts of 10 different datasets were analyzed. De-
pending on the individual dataset, either a single polynomial function is fitted
to the complete series of shifts or the data were fitted section-wise. The de-
gree of the polynomial function was between 7 and 9 (adjusted to fit best the
respective data series). Subsequently, the minimum, maximum and the root-
mean-square error of the fits were determined and, in case of section-wise
fitting, the values representing the entire series were calculated.

All projections were processed with the background-intensity and dead-
pixel correction (Sec. 7.1). Additionally, all CT data were processed with the
projection alignment algorithm (Sec. 7.4) prior to reconstruction.

The projection image of the 200 nm resolution pattern (Fig. 8.10 b) was
processed with 20 iterations of the RL algorithm with the standard deviation
of the Gaussian function being 2 pixels. Since this processing step also am-
plifies the noise in the resulting data, the initial image of the pattern was
smoothed with a radially symmetric Gaussian (σ = 1 pixels) prior to decon-
volution. For the presented CT slices of the sphere, the projections were

111



8. CHARACTERIZATION OF THE TUM NANOCT

processed with 10 iterations of the RL algorithm with σ = 1 pixels for subse-
quent FBP reconstruction (Fig. 8.11 c), and with 10 iterations with σ = 2 pixels
for subsequent reconstruction with the SIR algorithm (Fig. 8.11 e).

The dictionary denoising algorithm [Elad, 2006; Mechlem, 2016] applied
to the projection image of the 200 nm resolution pattern (Fig. 8.10 c) uses a
training image to create a dictionary of small patches with the typical struc-
tures and features of the training image, the so-called dictionary patches. The
actual input image is also divided into small overlapping patches, i.e., the im-
age patches. The algorithm models each image patch individually as a linear
combination of a small number n of dictionary patches, with n � N , where
N represents the number of pixels in an image patch. The final image is then
compiled from the individually processed image patches. Since the noise in
the image patches, contrary to structures and features, cannot be sparsely
represented by dictionary patches, the resulting data is less noisy. To ap-
ply dictionary denoising to the data of the resolution pattern, the dictionary
patches were created from the initial background-corrected image, whereas
the input image was processed with a Gaussian filter and the deconvolution
algorithm beforehand.

The CT data of the sphere were reconstructed with the standard FBP and
the SIR version 1.

The beam-hardening correction applied to the sphere data (Fig. 8.11 e)
is based on simple linearization. For this operation, a function of the poly-
chromatic line integrals is used to estimate the monochromatic line integrals
[Herman, 1979; Ketcham, 2014]. Here, a third-order polynomial of the line
integrals was used as input for SIR instead of the normal line integrals.

To retrieve a characteristic resolution measure from the edge profile mea-
surements of the sphere data, the following steps were applied. The first
derivative of the error function, i.e., the LSF, and the associated FWHM were
calculated. Subsequently, the absolute of the Fourier transform of the LSF,
i.e., the 1D MTF, was computed. The spatial frequency f10 at which the MTF
falls below 10 % was used to define a second measure for the resolving power
of the TUM NanoCT. When the value of the MTF was still above 10 % for the
Nyquist frequency of the system, this measure was no longer well defined
and f10 was substituted by the Nyquist frequency. This was the case for all
presented results of the sphere data processed with the Richardson-Lucy
algorithm. The steps described in this paragraph were performed by Mark
Müller. Parts of this paragraph are literally adapted from [Müller, 2017].
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Chapter 9

NanoCT imaging of soft-bodied
invertebrates

9.1 Introduction

In this chapter, we present applications of nanoCT imaging in the fields of
evolutionary and developmental biology. More specifically, we investigated
specimens from the phyla Onychophora (velvet worms) and Tardigrada (wa-
ter bears). These animals are regarded to be the closest relatives of arthro-
pods [Mayer, 2009; Mayer, 2013a], which is the largest and most diverse an-
imal group on earth including insects, spiders, crustaceans, and myriapods.
In this introduction, we give a brief overview of the characteristics of both
phyla, followed by a short description of the investigated species. Subse-
quently, we review the usually applied imaging methods for investigations
of velvet worms and water bears, and we provide brief motivations for the
presented studies. For more information on Onychophora, the interested
reader is referred to [Brusca, 2003; Mayer, 2015a; Ruhberg, 2013; Storch,
1993], whereas further details about Tardigrada can be found in [Brusca,
2003; Goldstein, 2002; Kinchin, 1994; Nelson, 2014]. In the second part of
this introduction, we consider general aspects that are important for nanoCT
imaging of biological samples.

9.1.1 Information about the investigated species

In recent literature, the three phyla (Onychophora, Tardigrada and Arthro-
poda) are classified within a major clade called Panarthropoda [Bergström,
2001; Haug, 2012; Maas, 2007; Ou, 2012].

Onychophorans (or velvet worms) are multi-legged, terrestrial inverte-
brates that live in rotted logs, soil and leaf litter in the southern hemisphere
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and around the equator [Oliveira, 2012b]. The approximately 200 onychoph-
oran species described in the literature are classified into two major sub-
groups, the Peripatidae and Peripatopsidae, which might have diverged from
each other over 350 million years ago [Mayer, 2011; Mayer, 2013c; Oliveira,
2012b]. Velvet worms range from 5 mm to 15 cm in length [Brusca, 2003]
and their body is composed of a head, an elongated trunk, and an anal cone,
which represents a limbless segment [Mayer, 2005] (see Fig. 9.1 a, b). The
trunk consists of 13 – 43 segments, each bearing a pair of unjointed legs
called lobopods. The tip of each leg is equipped with a pair of retractable,
sclerotized claws, which gave these animals their scientific name Onychoph-
ora (greek for “claw-bearers”). Their English name “velvet worms” has its ori-
gin in the velvety appearance of their water-repellent body surface [Storch,
1993], which is a thin chitinous cuticle covered with numerous dermal papil-
lae arranged into fine transverse rings and which can have various colors,
such as inconspicuous patterns of orange, red or brown, but sometimes also
bright green, blue, gold or white. The onychophoran head consists of three
segments, where the limbs have been modified into three pairs of specialized
appendages: a pair of fleshy annulated antennae that serve in sensory per-
ception, a pair of jaws and a pair of slime papilla [Mayer, 2010; Storch, 1993].
The slime papillae eject a sticky slime secretion for defense and prey cap-
ture [Baer, 2012; Baer, 2017; Manton, 1937; Storch, 1993] (Fig. 9.1 c). The
ejected threads of the adhesive slime harden quickly and entangle the prey,
which mainly consists of crickets, amphipods, woodlice and other small inver-
tebrates. After immobilization, the velvet worms use their jaws to puncture the
prey’s cuticle and inject digestive saliva into its body. Subsequently, the lique-
fied contents of the prey are ingested using a suctorial pharynx [Baer, 2012;
Manton, 1937]. Since the overall anatomy of onychophorans has changed
very little in the last 540 million years, they are sometimes referred to as
“living fossils” [Brusca, 2003] and represent an invertebrate group pivotal for
understanding animal evolution.

The investigated onychophoran species is Euperipatoides rowelli [Reid,
1996] and belongs to the subgroup Peripatopsidae. This species can be
found primarily within rotting logs in the Tallanganda State Forest, New South
Wales, Australia. The adult female specimens typically do not exceed 6 cm in
length, whereas males are usually smaller. They have 15 pairs of legs, and
their body is mainly colored in shades of blue (Fig. 9.1). E. rowelli has been
suggested as a model organism for evolutionary and developmental studies,
as its biology, anatomy, development, physiology, reproduction, phylogeny,
and population genetics are well-characterized [Mayer, 2015a].

Tardigrades (or water bears) are eight-legged, segmented, hydrophilous mi-
croinvertebrates. Although all active individuals require water, their living en-
vironments include marine, freshwater, terrestrial and limnoterrestrial habi-
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Figure 9.1: Onychophoran species Euperipatoides rowelli (Peripatopsidae).
(a) Photograph of an adult specimen with an approximate length of 5 cm. (b) Photo-
graph of an adult female specimen with an approximate length of 5 cm in its natural
habitat (on a rotting log). (c) Photograph of an adult specimen caught in the act
of slime ejection. Note the jets of the sticky slime, which are ejected via a pair of
slime papillae (highlighted by arrows). Abbreviations: an, antenna; lg, leg. Panel a
and corresponding caption adapted from [Müller, 2017]. Panel b and corresponding
caption adapted from [Treffkorn, 2013]. Panel c and corresponding caption adapted
from [Baer, 2014].

tats [Nelson, 2014] all over the world. Terrestrial species can be found mainly
in semiaquatic habitats such as the water films that exist on mosses, lichens,
liverworts, or in soil and forest litter [Brusca, 2003]. While their scientific
name tardigrade (meaning “slow stepper”) originates in their slow, tortoise-
like movements, they are commonly called “water bears” due to their bear-like
appearance [Nelson, 2014]. More than 1200 species have been described
and are divided into two major subgroups, Heterotardigrada and Eutardigrada
[Nelson, 2014]. They typically range from 200 – 500 µm in length (excluding
the last pair of legs), with very few species exceeding 800 µm. The body of
a tardigrade consists of a head segment, three trunk segments each bear-
ing a pair of legs, and a caudal segment with a fourth pair of legs. The
four pairs of lobopodous legs usually terminate in claws, except for some
marine species that bear digits instead [Kinchin, 1994]. The body is cov-
ered by a thin cuticle that often appears translucent or whitish. Respiration
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occurs through the cuticle since tardigrades have no dedicated respiratory
system due to their small size [Nelson, 2014]. For the same reason, they
do not have a specialized circulatory system but accomplish circulation by
movement of fluid and free-floating storage cells [Hyra, 2016; Nelson, 2014;
Reuner, 2010]. The feeding behavior depends on the species and habitat.
Herbivorous water bears feed on algae and plant material, whereas the prey
of carnivorous species includes nematodes, rotifers, and other tardigrades
[Nelson, 2014]. Tardigrades are well known for their remarkable power of
entering cryptobiosis, i.e., a state of strongly reduced metabolism that is in-
duced when environmental conditions are unfavorable. They can enter sev-
eral different forms of cryptobiosis and thereby are able to survive extreme
conditions such as desiccation, low oxygen levels, temperatures from -273 ◦C
to +151 ◦C, high pressure (600 MPa), vacuum (5×10-4 Pa), radiation (X-rays,
gamma rays, UV radiation), and chemicals (ethanol, H2S, OsO4, methyl bro-
mide) [Nelson, 2014; Rebecchi, 2007; Rebecchi, 2011].

The investigated tardigrade species Hypsibius exemplaris Gasiorek et
al., 2018 [Gąsiorek, 2018] (previously known as Hypsibius dujardini Doyère,
1840) belongs to the class of Eutardigrada, and, more specifically, to the
superfamily of Hypsibiidae. They are moss- and freshwater-dwelling, claw-
bearing water bears with a typical length of ≈230 µm for adult individuals
[Gąsiorek, 2018]. As this species can be cultured continuously for decades
and can be cryopreserved [Gabriel, 2007], it is one of the best-studied tardi-
grade strains and used as a model organism in many research projects in-
cluding developmental and evolutionary biology as well as physiology and
astrobiology [Gąsiorek, 2018].

Entire velvet worms as well as individual body parts and organs have been
investigated by means of numerous imaging modalities, such as conven-
tional light photography (e.g., [Baer, 2014; Mayer, 2015a; Mayer, 2015b]),
optical microscopy of bulky samples (e.g., [Mayer, 2015b; Oliveira, 2013b;
Treffkorn, 2013]) and histological sections (e.g., [Mayer, 2015b; Oliveira,
2013a; Oliveira, 2013b]), confocal laser scanning microscopy (e.g., [Mayer,
2015b; Oliveira, 2013a; Treffkorn, 2013]), scanning electron microscopy (e.g.,
[Hoyle, 1980; Oliveira, 2013a; Reid, 1996]), and transmission electron mi-
croscopy (e.g., [Mayer, 2015b; Oliveira, 2013a]). Moreover, there are two
recent studies that used synchrotron-based microCT imaging either to inves-
tigate the onychophoran jaw anatomy [Mayer, 2015b] or to evaluate the dif-
ferent contrasting techniques for X-ray imaging of velvet worms [Jahn, 2018].

Tardigrades, on the other hand, cannot be imaged in sufficient detail with
macroscopic methods, such as light photography, due to their microscopic
size. They are mainly investigated using conventional optical microscopy
methods (e.g., [Dewel, 1973; Mayer, 2013a; Zantke, 2008]), confocal laser
scanning microscopy (e.g., [Gross, 2015; Hering, 2016; Mayer, 2013b]),
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Figure 9.2: Tardigrade species Hypsibius exemplaris (Eutardigrada). (a) Scanning
electron micrograph of an adult specimen. Lateral view; anterior is left, dorsal is up.
(b) Bright field micrograph of an adult specimen. Note the pigmentation in the midgut
from ingested algae. Dorsal view; anterior is left. Abbreviations: cl, claw; ey, eye;
he, head, lg1 – lg4, legs one to four; mg, midgut. Panel a and corresponding caption
adapted from [Gross, submitted]. Panel b and corresponding caption adapted from
[Gross, 2018].

scanning electron microscopy (e.g., [Gabriel, 2007; Guidetti, 2000; Nelson,
2014]), and transmission electron microscopy (e.g., [Guidetti, 2000; Rost,
2008; Wright, 1988]). X-ray CT imaging of a tardigrade has not been re-
ported yet.

One of the characteristic features of Panarthropada is their serially ar-
ranged locomotory appendages [Ma, 2009; Rota, 2010; Zhang, 2016]. Dur-
ing their evolution, arthropods have developed an exoskeleton in the form
of a sclerotized cuticle that includes jointed appendages with a correspond-
ingly arranged musculature for movement [Boxshall, 2004]. In contrast, Ony-
chophora and Tardigrada are characterized by unjointed lobopodial locomo-
tory appendages [Oliveira, 2013a] that have also been seen in fossil Lobopo-
dia [Maas, 2007; Ortega, 2015; Ou, 2011; Ou, 2012] – a group of extinct
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marine animals from the Cambrian. While the locomotory system of tardi-
grades underwent a series of evolutionary changes, the lobopods of velvet
worms have changed little since the Early Cambrian and remain very similar
to those found in extinct Lobopodia. Consequently, analyzing the functional
morphology of the muscular system in onychophoran legs may improve our
understanding of the general anatomy and operating principles of unjointed
locomotory appendages of soft-skinned animals and might further shed light
onto the development of specialized jointed appendages in Arthropoda. In or-
der to address these biological questions, we generated a three-dimensional
high-resolution dataset of a leg of a newborn velvet worm from the species
Euperipatoides rowelli and analyzed its internal organization (see Subsec-
tion 9.2.1).

Tardigrades have been subject to extensive research for many decades
due to their essential role in animal evolution and their unique anatomy and
physiological features. Although their overall anatomy has been studied in
detail for many years, one crucial aspect that has remained elusive is a com-
prehensive, three-dimensional visualization of the entire tardigrade anatomy.
To close this gap, we generated 3D data of a specimen of the tardigrade
Hypsibius exemplaris, segmented the majority of internal structures and de-
termined their volumes (see Subsection 9.2.2).

9.1.2 General considerations for nanoCT imaging of bio-
logical samples

Before applying nanoCT imaging to biological samples, several general as-
pects had to be considered. Since the velvet worm limb was the first bio-
logical specimen investigated, the necessary test measurements were per-
formed with these samples.

First of all, we had to determine a suitable form of sample preparation for
nanoCT imaging of soft-tissue samples. Here, two main criteria had to be
taken into account, namely, the sample stability during the measurement and
the achieved soft-tissue contrast in the nanoCT data. For instance, measur-
ing such a sample in a fluid, i.e., mounting the specimen in a container filled
with water or ethanol, was not a feasible option, since this would cause sev-
eral problems. Firstly, measuring a sample in a container would increase the
minimal achievable source-to-rotation-axis distance. This would require to go
to larger source-to-detector distances to obtain the same effective voxel size
and, consequently, to longer exposure times per image. Secondly, a freely-
swimming specimen would naturally cause undesired movement that results
in reconstruction artifacts and thereby limits the achievable resolution in the
nanoCT data. On the other hand, imaging of a fixed wet sample without a
container would cause shrinking artifacts, since the sample may undergo a
partial drying process during acquisition.
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A common preparation method to preserve sample morphology for elec-
tron microscopy is the embedding of samples in epoxy resin [Finck, 1960],
[Glauert, 1998, Chap. 6]. For this, the fixed sample is dehydrated by tak-
ing it through a series of solutions with a suitable dehydration agent, such
as ethanol or acetone. In the next step, a mold is filled with the embedding
material, and the sample is positioned in the mold in the desired orientation.
After sample infiltration by the resin for several hours, the resin is polymerized
resulting in a solid block, in which the sample cannot move anymore. This
block is typically used to cut ultra-thin sections of the sample for transmission
electron microscopy, but can also be used for block-face scanning techniques
or measurements of entire blocks with 3D imaging methods, such as X-ray
CT.

An alternative to embedding is drying of the sample before the measure-
ment. However, direct air drying of a sample that mainly consists of water
can result in considerable distortion of specimen shape and morphology due
to the adverse effects of the strong surface tension forces of water. It has
been shown that replacing the water in a specimen with a solvent with lower
surface tension [Bray, 1993; Dey, 1989] or freeze drying of samples [Boyde,
1969; Boyde, 1979; Inoué, 1988] can produce artifact-free drying results for
some specimens, but not for all types of samples. On the other hand, critical
point drying (CPD) [Anderson, 1951] can be applied to virtually all kinds of
specimens and is the most commonly used method to dry samples for scan-
ning electron microscopy [Bray, 1993; Bray, 2000]. For CPD, the specimen is
usually fixed and dehydrated before the drying procedure. In the next step,
the sample along with a small amount of the dehydration agent is placed into
the pressure chamber of the CPD device. After sealing the chamber, the
dehydration agent is replaced incrementally with the solvent used for CPD.
When the dehydration agent is fully replaced, the pressure chamber is heated
and the solvent simultaneously expands and evaporates. During the heating
process, more and more molecules in the liquid phase enter the gas phase
resulting in a progressive decrease in density of the liquid and an increase
in density of the gas. At a particular combination of temperature and pres-
sure, namely, at the “critical point”, the densities of both phases are equal
and their boundaries vanish, consequently, reducing the surface tension to
zero. At this point, the temperature in the chamber is kept above the “critical
temperature” while gradually venting off the gaseous solvent. This process
results in a dried sample without artifacts caused by surface tension forces
[Bray, 1993; Bray, 2000]. The most commonly used solvent is CO2, as its
critical point is at approximately 31 ◦C and 74 bar, thereby providing suitable
conditions for the drying of biological specimens.

As mentioned in the introduction, the contrast among soft tissues is gen-
erally weak for the typical X-ray energies of the TUM NanoCT. This situation
can be improved by treating the sample with contrast-enhancing X-ray stain-
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ing methods prior to imaging. To assess the ideal preparation for nanoCT
imaging of the velvet worm limb, we prepared several specimens by using
resin embedding or critical point drying and further applied osmium tetroxyde
staining to each of them.

After determining a suitable preparation protocol, we optimized the pro-
cessing of our data to achieve the best trade-off between a strong soft-tissue
contrast and a high detail visibility for the onychophoran leg. By comparing
test acquisitions at different resolutions, we determined the voxel size neces-
sary for the subsequent analyses and adapted the CT acquisition scheme to
allow high-resolution measurements of relatively large samples.

Before the obtained nanoCT data could be used for biological analyses,
we had to validate the actual image content of our data, i.e., we had to as-
sess whether the generated nanoCT data represent the sample anatomy and
morphology reliably. For this reason, we compared our results from the velvet
worm limb to image data from the most widely used techniques in research
on onychophorans, namely conventional optical microscopy, confocal laser
scanning microscopy (CLSM) and scanning electron microscopy (SEM).

In the following, we first show results from the described general optimization
steps using the example of the velvet worm limb. Subsequently, we present
nanoCT data from a velvet worm limb and the entire body of a tardigrade
focusing on the visualization and analysis of particular anatomical structures,
such as organs or muscles. Afterwards, the results are discussed with focus
on the benefits and limitations of nanoCT imaging for biological investigations
and potential future studies. Finally, the used materials and methods are pre-
sented in detail. Most of the presented results and discussions have already
been published [Kumerics, 2017; Müller, 2017] or are prepared for publica-
tion [Gross, submitted; Kumerics, in prep.]. In particular, the descriptions of
biological features, as well as the discussion of their functions, are partially
adapted literally from the aforementioned publications.
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9.2 Results

9.2.1 NanoCT imaging of an onychophoran limb

To test different sample preparation methods for nanoCT imaging, four differ-
ent approaches were applied to velvet worm limbs, namely, unstained (proto-
col 1) and stained (protocol 2) legs were embedded in resin, and unstained
(protocol 3) and stained (protocol 4) limbs were critical point dried. For prepa-
ration protocol 1, the samples were fixed and directly embedded in Araldite®,
whereas protocol 2 additionally included an overnight staining with 1 % OsO4
prior to embedding. To keep the effective sample size as small as possible,
we used thin capillaries for the embedding process, resulting in resin pieces
with a diameter smaller than 1 mm. For protocol 3, the samples were fixed,
dehydrated and subjected to CPD, whereas protocol 4 additionally included
staining with 1 % OsO4 prior to the dehydration step. NanoCT slices of pro-
tocol 1 (Fig. 9.3 a) revealed that the contrast between the sample and the sur-
rounding resin was relatively weak and internal details within the limb could
barely be identified. In contrast, the nanoCT data from protocol 2 (Fig. 9.3 b)
provided a much stronger contrast and enabled the visualization of internal
soft-tissue structures. In the slices from protocol 3 (Fig. 9.3 c), the contrast
between the sample and the surrounding air was considerably stronger than
for protocol 1. However, the attenuation signal from soft-tissue structures was
still relatively weak due to the absence of staining. Finally, data from proto-
col 4 (Fig. 9.3 d) provided the best contrast relative to the surrounding air and
also between different tissue types, allowing the visualization of internal fea-
tures with a high level of detail. Consequently, preparation protocol 4, i.e., a
combination of staining and CPD, was used for nanoCT imaging of the velvet
worm limb.

In the next step, we acquired a test dataset with a voxel size of 270 nm
from the ventrodistal region of the onychophoran limb (Fig. 9.4) and analyzed
the contrast and image sharpness for different processing approaches. A vir-
tual horizontal section through the ventral limb portion reconstructed with the
FBP algorithm (Fig. 9.4 a, b) already revealed many internal structures, such
as the anterior and posterior leg depressor muscles, which run parallel to the
anterior and posterior border of the leg, respectively, and the claw retractor
muscle, which appears displaced anteriorly inside the leg (Fig. 9.4 a). A mag-
nified region of interest from the CT slice (indicated by the white rectangle in
Fig. 9.4 a) further showed that the mechanoreceptors covering the spinous
pads are filled with a dense tissue, which possibly includes nerve fibers, epi-
dermal cells, and a collagenous extracellular matrix (Fig. 9.4 b). While the
aforementioned structures could be identified in the FBP data, the images
notably present a very pronounced level of noise. This could be improved by
reconstruction with a SIR algorithm (Fig. 9.4 c, d). Processing the projections
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Figure 9.3: Comparison of different preparation methods for nanoCT imaging of an
onychophoran leg. (a) Virtual horizontal section through the middle of an unstained
onychophoran leg embedded in Araldite®. (b) Virtual cross section through the distal
portion of an onychophoran leg stained with OsO4 and subsequently embedded in
Araldite®. (c) Virtual sagittal section through the median part of an unstained, crit-
ical point dried onychophoran leg. (d) Virtual horizontal section through the ventral
region of an onychophoran leg stained with OsO4 and subsequently critical point
dried. Each panel represents a FOV of approximately 260 x 260 µm2. Voxel sizes:
1.67 µm (a) and 540 nm (b – d). The gray-value windowing of the individual images
was adapted to make the images comparable.

with our phase-retrieval algorithm before FBP reconstruction (Fig. 9.4 e, f)
also diminished the noise and, furthermore, improved the contrast within the
sample while reducing the edge-enhancement effect that may negatively in-
fluence subsequent segmentation techniques. Unfortunately, fine structures,
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Figure 9.4: Processing of nanoCT data from an onychophoran limb. CT slices
showing the ventral region of the onychophoran leg (a, c, e, g) and details of a
mechanoreceptor of the spinous pad (b, d, f, h) in E. rowelli. The magnified region
is marked by the white rectangle in (a). (a, b) Filtered backprojection reconstruc-
tion of the standard projection images. (c, d) Statistical iterative reconstruction of
the standard projection images. (e, f) Phase-retrieval applied to projection images
prior to FBP reconstruction. (g, h) Richardson-Lucy deconvolution and subsequent
phase-retrieval processing of projection images prior to FBP reconstruction. Voxel
size: 270 nm. The gray-value windowing of the individual images was adapted to
make the images comparable. Abbreviations: cr, claw retractor muscle; ld, ante-
rior leg depressor muscle; pa, spinous pad; pd, posterior leg depressor muscle; sb,
sensorial bristle of the spinous pad. Figure and caption adapted from [Müller, 2017].
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such as thin muscle fibers, became less evident due to the blurring effect
caused by the phase-retrieval algorithm through its suppression of high spa-
tial frequencies in the image. To avoid the decrease in image resolution,
we applied the RL deconvolution algorithm to the projections before phase
retrieval and FBP reconstruction (Fig. 9.4 g, h). This approach substantially
improved the image sharpness in the CT slices compared to the data pro-
cessed only with the phase-retrieval algorithm, while still providing enhanced
soft-tissue contrast and less edge enhancement compared to the attenuation
images. Consequently, we used this approach for data processing of the fol-
lowing results.

Since the 350-µm-long walking appendage of a newborn velvet worm was
too large for a single nanoCT measurement at the desired voxel size of ap-
proximately 400 nm, we acquired 11 individual datasets with different vertical
sample positions (Fig. 9.5 a, b). The difference in vertical sample positions
between consecutive measurements was chosen to provide a considerable
overlap of roughly 60 pixels in the resulting CT data. This allows for the calcu-
lation of a three-dimensional vector representing the exact shift between con-
secutive datasets with sub-pixel precision and the subsequent merging of the
individual datasets to a single volume visualizing the entire limb (Fig. 9.5 c, d).

In the following, we compared the nanoCT data of the onychophoran limb
with data from other imaging techniques commonly used to investigate vel-
vet worms. Here, it has to be emphasized again that we imaged a limb of a
newborn velvet worm since the leg of an adult specimen was too large for the
FOV of the TUM NanoCT at a voxel size of 400 nm. In contrast, the presented
data from the other imaging methods were collected from adult specimens;
therefore, the compared structures have different length scales (see scale
bars in Figs. 9.6, 9.7, 9.8).

To assess the usefulness of the nanoCT device for investigating the ex-
ternal morphology of the velvet worm limb, we generated 3D renderings
based on the nanoCT data and compared them with corresponding optical
microscopy (Fig. 9.6) and SEM images (Fig. 9.7) obtained from the same
species. A nanoCT rendering showing the frontal view of the velvet worm
limb including a small part of the body wall is presented in Figure 9.6 a. To
facilitate the comparison with a corresponding light micrograph (Fig. 9.6 b),
the rendering was artificially colored in a blueish color. Even though the limb
imaged with optical microscopy was considerably larger than the leg used for
nanoCT imaging, the same external features, such as the claws and spinous
pads, could be identified in both imaging modalities.

Similarly, the comparison of renderings of nanoCT data (Fig. 9.7 a, d) with
corresponding SEM images (Fig. 9.7 c, e) demonstrated that all anatomical
structures associated with the onychophoran limb can be identified in the
data from both methods, including dermal papillae, ventral spinous pads,
and a terminal foot equipped with a pair of claws. Furthermore, the numer-
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Figure 9.5: Stitching of nanoCT data from an onychophoran limb. (a, c) Vir-
tual sagittal section through an onychophoran leg. (b, d) Virtual horizontal section
through an onychophoran leg. (a, b) 11 individual datasets acquired at different
vertical sample positions and stacked on top of each other. Please note the ver-
tical overlap between consecutive datasets (here 60 pixels) that is necessary for the
stitching procedure. (c, d) Stitched data showing no visible transitions between the
individual datasets. The voxel size of each individual dataset was 400 nm. The gray-
value windowing of the presented images was identical.
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Figure 9.6: Comparison of nanoCT data and light micrograph from an onychopho-
ran limb. (a) NanoCT volume rendering (pseudo-colored) showing a dorsal view of a
leg from a newborn specimen of the onychophoran species E. rowelli. (b) Light mi-
crograph showing a dorsal view of a leg from an adult specimen of the same species.
Note that the same external features can be identified in both images. Abbreviations:
bw, body wall; cl, claw; lg, leg; pa, spinous pad; pp, primal papilla. Figure adapted
from video published as supporting material with [Müller, 2017].

ous microscales covering the foot and dermal papillae can be also clearly
visualized, as well as the fine sensorial bristles on the spinous pads (cf.
Fig. 9.7 a, c, d, e). Yet, the fine texture of single scales, which is evident
in SEM images, could not be retrieved with the same level of detail in our
nanoCT data (cf. Fig. 9.7 d, e). However, while the use of SEM techniques
is limited to the examination of surface features, the nanoCT data further al-
low for virtual non-destructive sectioning of the volume data (Fig. 9.7 b). This
provides relevant insights into the internal structure of the leg, particularly
regarding its complex and poorly understood musculature, as demonstrated
by the highlighted claw retractor (blue) and leg remotor muscle (orange) in
Figure 9.7 b.

To verify the applicability of nanoCT imaging for the exploration of these
internal features, we compared representative CT slices (Fig. 9.8 a, c, e) with
corresponding CLSM data obtained from vibratome sections of velvet worm
legs specifically labeled with phalloidin rhodamine for muscular visualization
(Fig. 9.8 b, d, f). This comparison demonstrates that the virtual nanoCT slices
can reproduce the results of the CLSM analyses with a similar or even higher
level of detail. For instance, our data allow for the identification of the precise
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Figure 9.7: Comparison of nanoCT volume renderings (a, b, d) with scanning elec-
tron micrographs (c, e) from the limb of the onychophoran species E. rowelli. Note
that the detail visibility obtained in the volume rendering of nanoCT data from a new-
born specimen (a, d) is comparable with that from scanning electron microscopy of
an adult specimen (c, e). (a, c) External anatomy of the leg. (b) Digital sagittal sec-
tion through the same leg as in (a) showing the leg musculature. The claw retractor
muscle is segmented in blue and the leg remotor in orange. Note that this technique
allows us to reconstruct single muscle fibers in detail (arrows). (d, e) Detail of a pri-
mary papilla of the leg. Abbreviations: cl, claw; ft, foot; lg, leg; pa, spinous pad; sb,
sensorial bristle. Figure and caption adapted from [Müller, 2017].

anatomical positions, attachment sites and the orientation of muscle fibers in
various muscles, such as the claw retractor, leg depressor, leg promotor and
foot retractor muscles (Fig. 9.8 a – f). Moreover, these comparative analyses
revealed hitherto unclear details of the leg and foot musculature, i.e., the foot
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Figure 9.8: NanoCT slices from a limb of E. rowelli (a, c, e) compared to corre-
sponding confocal laser scanning micrographs from vibratome sections labeled for
f-actin in P. hitoyensis (b) and E. rowelli (d, f). Proximal is up in (a, b) and left in (c – f).
Arrows point to the circular musculature of the foot. Note that the single 3D dataset
acquired with the nanoCT allows a direct comparison with the CLSM data obtained
from several vibratome sections in different perspectives. (a, b) Leg in horizontal
section. (c, d) Leg in sagittal section. (e, f) Foot in median sagittal section. Abbrevia-
tions: cr, claw retractor muscle; df, distal foot papilla; fr, foot retractor muscle; ft, foot;
ld, anterior leg depressor muscle; lp, leg promotor muscle; pa, spinous pad. Figure
and caption adapted from [Müller, 2017].
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shows prominent circular muscle fibers that, despite being single-layered,
form a dense musculature in the dorsolateral region of the foot (Fig. 9.8 a – f).
While the described anatomical details could be observed in, both, nanoCT
and CLSM datasets, the nanoCT data further allowed the reconstruction and
segmentation of individual muscles and single muscle fibers in 3D (Fig. 9.7 b).
This is not possible with the CLSM data due to the intrinsic limitations of this
method, such as the necessity of sectioning the limb before scanning and the
non-isotropic voxel size obtained in different scans.

To analyze the muscular system in onychophoran legs in detail, a compre-
hensive segmentation of internal features of the limb based on the nanoCT
dataset was performed in collaboration with researchers of the University of
Kassel, Germany. In Figure 9.9, an overview of all segmented structures is
presented. In total, 15 individual muscles associated with the velvet worm
limb could be identified (Fig. 9.10; Fig. 9.9 c – f). A detailed description of
the position, arrangement and attachment sites of each muscle as well as an
analysis of their specific functions during locomotion is currently being pre-
pared for publication [Kumerics, in prep.] and will become available soon.

Next to the musculature, several non-muscular structures, mainly includ-
ing elements of the circulatory, nervous and excretory systems (Fig. 9.9 b)
were segmented and depicted in detail. The onychophoran nervous system
comprises a pair of ventrolateral nerve cords running through the entire trunk
of the animal. These nerve cords are connected by multiple ring and median
commissures (Fig. 9.9 b). At the level of the limb, there are no ring com-
missures present, and two prominent leg nerves arise from the dorsolateral
portion of the nerve cord and project into the leg through the leg opening
to the trunk. Inside the leg, both, the anterior and the posterior leg nerve,
reveal several branches extending into the periphery of the leg (Fig. 9.9 b).
The structures belonging to the excretory system are mainly located in the
proximal portion of the leg and include a ventral bladder and a dorsal saccu-
lus linked to each other by anterodorsal nephridial ducts (Fig. 9.9 b, e). The
voluminous bladder (Fig. 9.9 b; Fig. 9.11 c – f) lies between the two leg nerves
and is connected to the nephridial opening (arrowhead in Fig. 9.9 a, b, d, f) at
the ventral leg basis by a short excretory duct. The sacculus is formed by
a thin membrane and appears as a rather irregular structure dorsal to the
bladder (Fig. 9.11 f).

Two types of cells, namely hemo- and nephrocytes, could be identified
within the leg. Hemocytes occur as single cells distributed randomly in the
leg and foot cavities (Fig. 9.9 b, f), whereas nephrocytes appear as small clus-
ters of 3 – 6 cells mainly located in the anterodorsal compartment of the leg,
where they are attached to each other, to the body wall, to muscles, and to
excretory organs via a mesh of collagen fibers (Fig. 9.9 b, e; Fig. 9.11 c, e, f).

Furthermore, it was possible to visualize the hydrostatic system of the
limb (Fig. 9.11) showing that large parts of the leg and foot cavities are filled
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Figure 9.9: NanoCT volume renderings giving an overview of the onychophoran leg
anatomy. Dorsal is up in all images. Leg presented in posterior (a, b, d, f) and anterior
(c, e) views. Arrowhead indicates the position of the nephridial opening. (a) External
leg structures. Arrow points to the spineless integumentary fold between spinous
pads. (b) Non-muscular structures. (c, d) Leg myoanatomy. Individual muscles are
presented in different colors and numbered as in Figure 9.10. (e, f) Leg myoanatomy
as in (c, d) excluding the external-most of muscles for visualization of internal-most
structures. Abbreviations: ap, foot apodeme; cl, claw; dp, dermal papilla; he, hemo-
cytes; ln, leg nerve; mc, median commissure; nb, nephridial bladder; nc, nerve cord;
nd, nephridial duct; ne, nephrocytes; pa, spinous pad; rc, ring commissure. Figure
and caption adapted from [Kumerics, in prep.].
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Figure 9.10: NanoCT volume renderings showing the individual leg muscles and
their positions inside the leg. Dorsal is up in all images. The distinct muscles are ren-
dered and labeled in different colors, whereas the external leg surface is presented
semi-transparent for position reference. Figure and caption adapted from [Kumerics,
in prep.].

with hemolymph (Fig. 9.11 a – e). Two septal-like muscle layers (see [10] and
[11] in Fig. 9.10; Fig. 9.11 c, e, f) subdivide the voluminous leg cavity into four
compartments, namely, the anterodorsal, the posterodorsal, the anteroven-
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Figure 9.11: Hydrostatic system of the onychophoran leg. Volume render-
ings of nanoCT data showing the onychophoran leg cavity, which is occupied by
hemolymph. Dorsal is up in (a, b, d – f). Posterior is up in (c). The four leg compart-
ments are numbered I –IV. Elements of the internal leg anatomy (as in Fig. 9.9) are
provided as morphological landmarks. (a, b) Overview of the prominent hydrostatic
system of the onychophoran leg. Note the vascular channels underneath transver-
sal rows of dermal papillae, which appear as transversal rings in the reconstruction.
(c – e) Virtual sections through the horizontal (c), cross (d) and transversal (e) leg
planes. Note the position of the four leg compartments in (d). (f) Same image as
in (d) showing the arrangement of internal leg structures. Abbreviations: ap, foot
apodeme; br, foot bridge; cl, claw; fc, foot cavity; ln, leg nerve; mc, median commis-
sure; nb, nephridial bladder; nc, nerve cord; nd, nephridial duct; ne, nephrocytes;
no; nephridial opening; rc, ring commissure; sa, sacculus; tr, transverse plica. Fig-
ure and caption adapted from [Kumerics, in prep.].
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tral and the posteroventral compartment (Fig. 9.11 d). These compartments
are connected by small gaps between the muscle fibers of the respective
septum and merge into a thin channel passing through the bridge into the
foot (Fig. 9.11 a, b). The cavity of the foot consists of a small ring-like space
surrounding the claws and associated muscles (Fig. 9.11 a, b, c, e).
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9.2.2 NanoCT imaging of a tardigrade

We imaged the tardigrade species Hypsibius exemplaris in its entirety with
an isotropic voxel size of 270 nm by acquiring four separate datasets and
combining them to a single volume. Since the head region of the tardigrade
contains minute structures that could not be resolved in sufficient detail at
270 nm voxel size, the head was rescanned with a voxel size of 200 nm and
the data were merged into a single high-resolution dataset of the entire ani-
mal. Since we applied a different staining procedure to the tardigrade sam-
ples than to the velvet worm limb, the FBP reconstruction of the tardigrade
specimen already showed a strong soft-tissue contrast (Fig. 9.12 a), and it
was not necessary to apply a phase-retrieval algorithm. Instead, we used a
SIR that decreases the image noise and additionally sharpens the images by
compensating for the source blur in the raw data. The sharpening was either
achieved by directly including a model for the source in the SIR (Fig. 9.12 b)
or by a separate deconvolution step before reconstruction. This processing
facilitated a precise segmentation and the visualization of fine details, such
as the salivary glands (blue arrows in Fig. 9.12 a, b) and especially the brain
(orange arrows in Fig. 9.12 a, b), which could be more easily differentiated
from the surrounding tissue.

We used the generated high-resolution dataset to segment the majority
of internal organs and structures of the presented specimen. Subsequently,
we used nanoCT slices (representative slices shown in Fig. 9.13) and 3D
renderings of the nanoCT data (Figs. 9.14, 9.15) to visualize the anatomy of
the tardigrade and to analyze the spatial relationships of the internal organs.
Furthermore, we performed a volume analysis to directly measure the size
and volume of the segmented structures (Table 9.1).

Tardigrades have five body segments, namely, a head, three body seg-
ments each with a pair of legs, and a caudal segment with a fourth pair of
legs. The presented specimen is 152 µm in length from anterior to posterior
(not including the fourth pair of legs) and 32 µm in maximum width (measured
between the third and fourth pairs of legs). The total body volume (TBV) in-
cluding the skin and cuticle is approximately 137400 µm3. In the following, the
volumes of individual structures are given as percentages of the total body
volume. The nervous system in tardigrades is composed of a dorsal brain
and a ganglionated ventral nerve cord. In our sample, the saddle-shaped
brain (1.0 % TBV) is positioned close to the salivary glands (1.7 % TBV), i.e.,
the exocrine glands responsible for the production of saliva. These glands
occupy most of the space surrounding the pharynx (1.3 % TBV), especially
towards the dorsal side of the animal (Fig. 9.14 a, b; Fig. 9.15 b). The trunk
ganglia of each segment are located anterior to the legs of the respective seg-
ment (Fig. 9.14 b, c; Fig. 9.13 c). From a lateral view, it can be seen that the
connectives traverse through the ventral side of each ganglion (Fig. 9.14 c).
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10 µm

a) b)

10 µm

Figure 9.12: Processing of nanoCT data from the tardigrade Hypsibius exemplaris.
Sagittal view through the head region showing the improvement in sharpness of, e.g.,
the salivary glands (blue arrows) and especially the brain (orange arrow). (a) Stan-
dard filtered backprojection reconstruction. (b) Statistical iterative reconstruction with
an integrated model of the source. The reconstructed voxel size is 200 nm. The
gray-value windowing of the individual images was adapted to make the images
comparable. Figure and caption adapted from [Gross, submitted].

The outer connectives that link the brain to the first trunk ganglion run along
the lateral wall of the head (Fig. 9.14 b, c; Fig. 9.15 b). The inner connec-
tives between the brain and first trunk ganglion as well as peripheral and leg
nerves could not be visualized.

The largest part of the digestive system is the midgut, which shows a
highly folded lumen (Fig. 9.13 a). A narrow esophagus (0.1% TBV), which
links the midgut to the pharynx, winds between the salivary glands (Fig. 9.13 a;
Fig. 9.14 a; Fig. 9.15 a). Since the transition from midgut to hindgut could
only be identified by attachment sites of the Malpighian tubules, they were
segmented together and occupy 10.0 % of the total body volume (Fig. 9.13 a;
Fig. 9.15 a, c). The Malpighian tubule system is an excretory and osmoregu-
latory system that absorbs solutes, water, and wastes from the surrounding
hemolymph. In our specimen, it consists of a paired ventrolateral unit and
an unpaired dorsal unit (together 0.8 % TBV; Fig. 9.14 a – c; Fig. 9.15 a, c).
The ventrolateral units lie in close proximity to each other on the ventral side
(Fig. 9.14 c). The ovary (1.0 % TBV) is positioned dorsal and to the left side
of the midgut, displacing the midgut to the right of the midline of the body
(Fig. 9.15 c). Two anterior ligaments that connect the ovary to the body wall
could be identified (Fig. 9.14 a, b). The left ligament attaches to the dorso-
lateral body wall while the right ligament runs along the dorsal midgut and
attaches to the dorsal body wall (Fig. 9.14 a, b).

The body cavity of tardigrades is filled with free-floating cells, so-called
storage cells, that store and release energy in the form of lipids, peptides,
and glycogen [Reuner, 2010]. These cells are primarily involved in nutritional
maintenance [Hyra, 2016; Reuner, 2010], but also play a role in vitellogene-
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Figure 9.13: NanoCT slices of the tardigrade Hypsibius exemplaris. Anterior is
left (in a – c), dorsal is up (in all images except for c). (a) Sagittal view through the
midline of the body showing the digestive tract. (b) Sagittal view through the head
region showing the pharynx and the lumen of the buccal tube. (c) Horizontal view
through the ventral body showing the second and third leg pairs. (d) Transverse
view through the head region showing the pharynx, a large storage cell, and paired
dorsoventral muscles. (e) Transverse view through the third trunk segment showing
the large midgut and paired dorsoventral muscles. Voxel sizes: 270 nm (a, c, e), and
200 nm (b, d). Abbreviations: br, brain; bt, buccal tube; cg, claw gland; co, cloaca;
es, esophagus; hg, hindgut; lg1 – lg3, legs one to three; mg, midgut; mt, Malpighian
tubules; mu, muscle; ph, pharynx; sc, storage cells; sg, salivary glands; tg2 – tg3,
trunk ganglia two and three. Figure and caption adapted from [Gross, submitted].
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Figure 9.14: NanoCT volume renderings of the tardigrade Hypsibius exemplaris.
(a – c) Renderings of the entire body and all segmented organs in dorsal (a), lateral
(b), and ventral (c) views. Anterior is up. Note the large salivary glands (yellow), the
ovary and its two anterior ligaments (teal), and the distribution of storage cells (gray)
throughout the body. Abbreviations: br, brain; bt, buccal tube; cg, claw glands; co,
cloaca; es, esophagus; mg, midgut; mt, Malpighian tubules; oc, outer connectives;
ov, ovary; ph, pharynx; sg, salivary glands; sc, storage cells; tg, trunk ganglion.
Scale bar: 20 µm. Figure and caption adapted from [Gross, submitted].

sis [Szymanska, 1994] and possibly immune function [Volkmann, 1993]. All
137 storage cells in the body of the presented specimen were segmented
individually (Fig. 9.15 d). Analyzing the volume distribution of the storage
cells (Fig. 9.16), we found that they measure 20.8 – 83.4 µm3 in volume (av-
erage of 48.2 µm3), together occupying 4.8 % of the total body volume. Some
of the storage cells appear to be hollow, whereas others are relatively ho-
mogeneous in gray value (Fig. 9.13 a, c – e). Although the storage cells are
distributed throughout the body, they are accumulated in large open spaces
of the body cavity, e.g., between the midgut and salivary glands and pos-
terodorsal to the hindgut (Fig. 9.14 a – c; Fig. 9.15 d). In contrast, there are
relatively few storage cells in the legs, where much of the distal region is oc-
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Figure 9.15: NanoCT volume renderings showing selected structures of the tardi-
grade Hypsibius exemplaris. (a) The digestive system and associated structures.
Ventrolateral view; anterior is up. The large midgut is the most prominent region of
the digestive tract. Note how the large salivary glands (yellow) surround the pharynx
(red). The transition between the midgut and hindgut is marked by the attachment
sites of the Malpighian tubules (green). (b) Frontal-ventral view emphasizing the
organization of the buccopharyngeal apparatus. (c) Posterior view showing the ori-
entation of the ovary (teal) and Malpighian tubules (green). Notice how the ovary is
located to the left of the midgut, displacing the midgut to the right side of the midline
of the body. The Malpighian tubules consist of paired ventral units and an unpaired
dorsal unit. (d) The 137 storage cells of this specimen are distributed throughout the
body. Dorsal view; anterior is up. Scale bar: 20 µm. Abbreviations: bt, buccal tube;
br, brain; cg, claw glands; co, cloaca; es, esophagus; hg, hindgut; mg, midgut; mt,
Malpighian tubules; oc, outer connectives; ov, ovary; ph, pharynx; sc, storage cells;
sg, salivary glands; st, stylet; tg, trunk ganglion. Figure and caption adapted from
[Gross, submitted].

cupied by the claw glands (88.9 µm3 each, together 0.5 % TBV; Fig. 9.14 a – c;
Fig. 9.15 b, c). The body musculature was also revealed in the nanoCT slices
(Fig. 9.13 c – e), but the individual muscle cells were not segmented in this
study.
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Figure 9.16: Distribution of storage cell volumes in the tardigrade Hypsibius exem-
plaris. The blue bars depict the volume distribution of the 137 storage cells in the
investigated specimen for a bin size of 5 µm3. The dashed orange line indicates the
average volume of 48.2 µm3. Figure and caption adapted from [Gross, submitted].

structure volume [µm3] volume [% of TBV]

total body volume 137,414.81 100.00
midgut & hindgut 13,705.79 9.97
storage cells a, b 6,599.35 4.80
salivary glands a 2,273.69 1.65
pharynx 1,770.55 1.29
brain 1,392.90 1.01
ovary 1,325.64 0.96
malphigian tubules a 1,133.05 0.82
claw glands a, c 711.34 0.52
esophagus 162.06 0.12

Table 9.1: Volumes of the segmented structures of the tardigrade Hypsibius ex-
emplaris given in cubic micrometers and as a percentage of the total body volume
(TBV). a Given volume represents the total of all individual structures. b For volume
distribution of individual cells, see Figure 9.16. c Individual claw glands range in
volume from 66.8 – 107.6 µm3. Table and caption adapted from [Gross, submitted].
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9.3 Discussion

9.3.1 Sample preparation, nanoCT imaging and data pro-
cessing for biological investigations

From the presented nanoCT data of onychophoran samples treated with dif-
ferent preparation approaches (Fig. 9.3), it is evident that the combination of
OsO4 staining and critical point drying provided the best overall image qual-
ity for the velvet worm limb. The data from the unstained, embedded sample
(protocol 1) were acquired at a much larger voxel size than the other datasets
(1.67 µm vs. 540 nm), thereby making it difficult to compare the results to
each other quantitatively. However, since the contrast within sample protocol
1 is expected to be comparable or even lower when imaged with the same
acquisition parameters as the other three preparation test measurements1,
this situation does not influence our conclusions regarding the most suitable
preparation method.

While critical point drying is known for excellent preservation of tissue
morphology, it can still cause shrinkage of the entire sample or particular
structures [Boyde, 1977; King, 1991]. Depending on the tissue type and
the involved preparation steps, decreases in sample sizes ranging from a
few percents up to 50 % and more have been reported [Boyde, 1977; King,
1991]. However, in such studies, it is often not clear how much each pro-
cessing step contributed to the total shrinkage, since fixation, staining, and
dehydration can also cause significant shrinkage [Boyde, 1977; King, 1991].

We did not quantitatively determine whether the investigated limb of the
newborn velvet worm underwent shrinkage during sample preparation. How-
ever, the nanoCT data showed no artifacts from varying shrinkage of differ-
ent structures (such as unexpected cavities) indicating that the sample either
may not have significantly shrunk or that all structures shrunk proportionally
without introducing conspicuous artifacts. Therefore, we can assume that the
anatomical positions and relative sizes of individual features were well pre-
served in our specimen, allowing for a reliable analysis of the myoanatomy of
the limb.

On the other hand, we performed absolute volume measurements of the
tardigrade body and the individual organs. Here, sample shrinkage during
preparation or an incorrect voxel size of the CT data would clearly falsify our
results. By measuring the dimensions of the sample with an optical light mi-

1 In this particular case, this would mean: Same acquisition time per projection image
but smaller voxel sizes and a longer source-to-detector distance (see Sec. 9.4.6). While this
improves the detail visibility, this also leads to a small increase of the mean energy of the
detected X-ray spectrum, thereby slightly reducing the contrast. Furthermore, the number
of photons hitting each pixel is significantly decreased resulting in a lower contrast-to-noise
ratio in the resulting data.
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croscope and subsequently comparing the results to the sample dimensions
calculated from the nanoCT measurement, we demonstrated that the voxel
sizes determined from hardware settings of the nanoCT device were correct
within the precision of measurements (=10 nm). Subsequently, we tested for
shrinkage artifacts by comparing measurements of the buccal tube and claws
(hard cuticular structures that are not expected to shrink from dehydration or
drying [Pilato, 1981]) to those of live animals and normalizing for body size
using the Thorpe transformation technique [Bartels, 2011; Thorpe, 1975].
This analysis showed that the body size of the scanned specimen is within
the range of what is expected for a specimen with these buccal tube and claw
lengths. This indicates that the specimen underwent minimal to no shrinkage.

In conclusion, we can state that, for the investigated specimens, shrink-
age effects introduced by CPD and/or other preparation steps were either
negligible or did not negatively affect our investigations. However, sample
shrinkage could cause issues in other specimens. Therefore, future studies
should aim to quantify the shrinkage for different samples and preparation
protocols for nanoCT imaging. From such a study, correction factors for sam-
ple shrinkage could be obtained to ensure dimensionally accurate nanoCT
data.

Both samples, the velvet worm limb and the tardigrade, required pro-
cessing with contrast-enhancing staining techniques to achieve a sufficiently
high soft-tissue contrast within our samples. While the velvet worm limb was
treated with a standard osmium tetroxyde staining (1% OsO4 overnight), we
further enhanced the OsO4-contrasting steps of the protocol for the tardi-
grade by adding ferrocyanide [White, 1979] and using the OTO technique
(osmium-thiocarbohydrazide-osmium) [Seligman, 1966]. These additional
steps further improved the contrasting of the sample and thereby enabled
a different processing. While the velvet worm limb data required the ap-
plication of the phase-retrieval step to further enhance the soft-tissue con-
trast, the FBP reconstruction of the standard projections from the tardigrade
specimen already showed a strong soft-tissue contrast. Furthermore, the
edge-enhancement of the tardigrade sample was relatively weak and could
be ignored. Therefore, the application of phase-retrieval was not necessary,
which has the advantage that no undesired image blurring is introduced that
has to be removed by additional processing steps, such as RL deconvolution.
Instead, the tardigrade data were reconstructed with an edge-preserving SIR
that additionally sharpens the images by compensating for the source blur in
the raw data. This approach clearly improved the image noise and resolution
compared to the FBP reconstruction enabling precise segmentation and the
visualization of fine details.

Osmium tetroxyde proved to be a feasible staining agent for nanoCT imag-
ing of invertebrates, as it allowed for the visualization of a wide range of dis-
tinct structures, such as muscles or organs, in our specimens. While this stain
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provides a good overview of the overall tissue morphology, it is not suitable
for the highly specific visualization of a particular target structure2. Moreover,
OsO4 is highly toxic and has a limited penetration depth, which makes it dif-
ficult to apply to larger samples. Furthermore, this stain colors the sample
in dark shades of gray or black, which hampers further imaging with optical
microscopy methods.

In summary, it can be stated that the combination of osmium tetroxide
staining and critical point drying is a suitable way of preparing biological
samples for nanoCT imaging. This approach ensured a high sample stabil-
ity during the measurement allowing for tomographic reconstruction of high-
resolution 3D data. Furthermore, this method allowed imaging with a high
soft-tissue contrast enabling the visualization and differentiation of numerous
tissue types and structures. Finally, the sample morphology was well pre-
served, the specimens did not show any severe preparation artifacts, and
the overall sample shrinkage was negligible. However, great care is required
when handling or mounting these samples as fine dried structures are very
fragile. Furthermore, the chosen preparation procedure has the drawback
that investigating the sample with other imaging techniques after nanoCT
imaging is rendered very difficult.

The combined data of the entire velvet worm limb (Fig. 9.5) demonstrated
that the stitching procedure enables the merging of datasets with no visible
transition artifacts, thereby it is possible to extend the vertical FOV of the
nanoCT significantly. Technically, the FOV in this direction is limited by the
travel range of the vertical sample motorization and further depends on the
particular sample mounting. This results in a maximal possible sample size in
vertical direction of 1 – 2 cm. Nevertheless, the required voxel sizes and the
shape of the typically investigated samples will usually limit our specimens to
much smaller sizes in the (sub-)millimeter range.

9.3.2 Comparison of nanoCT with other imaging methods

From the comparison with light microscopy data (Fig. 9.6), it is evident that
nanoCT imaging can visualize the same external features of the velvet worm
limb. Here, light microscopy imaging has the advantage of providing a fast
overview of external features in true visible colors without elaborate sample
preparation. However, the resulting data are 2D images, which are often
only sharp in the focus plane of the microscope, whereas image information
from other regions of the sample is blurred. Furthermore, when the entire
velvet worm leg is measured under a conventional microscope, the spatial
resolution is limited to the micrometer range by the sample size. Moreover,
the method is restricted to the visualization of external features of the limb,

2This is further discussed in the paragraph about CLSM imaging and in Section 10.1.3.
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since the onychophoran cuticle is opaque for visible light. In contrast, nanoCT
imaging provides high-resolution data that also enable the investigation of in-
ternal features of the leg.

Alternatively, light microscopy can also be applied to onychophoran re-
search by using histological investigation techniques. For this approach, a
sample is cut into sections with a thickness of several micrometers, which
are then treated with a staining solution to highlight particular structures and
are subsequently examined with a microscope. Imaging of histological sec-
tions can provide valuable information about the internal anatomy of vari-
ous onychophoran body parts (e.g., [Mayer, 2006; Mayer, 2015b; Oliveira,
2013a; Oliveira, 2013b]). In particular, it can be used to visualize muscles
and other structures in the onychophoran limb [Oliveira, 2013a]. A major
drawback of this technique, however, is the introduction of morphological ar-
tifacts by the sectioning process [Chatterjee, 2014; McInnes, 2005] (see also
Section 10.1). While the spatial information of conventional histological im-
ages is limited to two dimensions, there exist several methods to generate
3D reconstructions of histological data [Braverman, 1986; Rosenthal, 2004;
Weninger, 1998] (see also Section 10.1). Unfortunately, to our knowledge,
there is currently no 3D reconstruction of histological data from an onychoph-
oran limb available. Furthermore, a detailed comparison of nanoCT data
from soft-tissue samples with suitable histological data and a discussion of
the benefits and drawbacks of both methods are presented in Chapter 10.
Therefore, we did not include histological data into our comparison of nanoCT
data from the velvet worm limb with results from other imaging techniques.

The comparison of nanoCT data from the velvet worm limb to corre-
sponding SEM data (Fig. 9.7) demonstrated that we could identify the same
anatomical structures in both imaging modalities. In SEM imaging [Goldstein,
2003], a specimen is scanned with a fine electron beam causing the genera-
tion of several signals, such as secondary electrons, backscattered electrons,
Auger electrons, and characteristic X-ray radiation (see Section 2.4). Each
signal can provide different information about the sample. The presented
SEM data were acquired in secondary electron detection mode, which is the
typically used modality for high-resolution SEM imaging of biological sam-
ples. Here, a spatial resolution of a few nanometers is possible (e.g., [Jeol,
2018]), whereas our nanoCT is limited to resolutions around 100 nm. There-
fore, SEM proved to be advantageous for resolving tiny morphological details,
such as the fine texture of scales on the dermal papillae. On the other hand,
high-resolution SEM imaging is usually limited to the surface of a specimen
since the low-energy secondary electrons can only travel for a few nanome-
ters within a sample. Consequently, SEM is restricted to the visualization of
external features when imaging an entire velvet worm limb or requires sec-
tioning of the sample. In contrast, nanoCT imaging provides volumetric data
that simultaneously allow the visualization of external and internal structures.
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In CLSM [Pawley, 1995], a sample stained with fluorescence dyes is
scanned in the focal plane of the microscope’s objective with a visible-light
laser. The resulting fluorescence light is collected through a small pinhole
between the objective and the detector of the microscope to ensure that only
the signal originating directly from the focal plane is detected. This principle
allows to generate 3D data based on the fluorescence emission in a spec-
imen. The comparative analyses with corresponding CLSM data (Fig. 9.8)
showed that nanoCT can visualize the same internal structures of the velvet
worm limb with similar or even higher resolutions than CLSM. The resolu-
tion in CLSM is usually limited by the volume of the focal spot of the laser
used to excite the fluorescence signal in the specimen. This volume can
be as small as 200 – 300 nm in the lateral plane and about 500 nm in the
axial direction. Therefore, the voxel size and effective resolution in a 3D
CLSM dataset are usually anisotropic, thus limiting the available 3D informa-
tion about samples and hampering the virtual selection of arbitrary planes in
the acquired dataset. The axial sample thickness for CLSM is usually limited
to several hundred microns, due to the limited penetration depth of the laser
and scattering of the fluorescence signal in the specimen. For CLSM imag-
ing of velvet worms, the laser penetration depth is further deteriorated since
their pigmented cuticle is basically opaque for visible light. Consequently,
3D CLSM imaging of onychophorans requires cutting of the sample into sec-
tions of several hundred microns thickness, e.g., the presented CLSM im-
ages from different perspectives and regions of interest in the limb required
numerous samples to be sectioned in different orientations. This section-
ing process inevitably results in morphological artifacts, which cause severe
problems when attempting to reconstruct the 3D anatomy of a specimen from
consecutive sections. In some cases, entire sections are destroyed or lost,
and a complete 3D reconstruction is not possible at all. On the other hand,
our nanoCT can generate complete volume data with isotropic voxel sizes
down to 100 nm in a non-destructive manner, thereby offering the possibil-
ity to select and visualize arbitrary planes and volumes within the acquired
sample. A clear advantage of CLSM is the possibility to use highly specific
markers and antibodies to highlight particular tissue and cell types, such as
specific labeling of f-actin with phalloidin-rhodamine for muscular visualiza-
tion. In contrast, the OsO4 staining applied to the velvet worm leg imaged
with nanoCT enhances the X-ray signal from all kinds of peptides and pro-
teins and does not specifically highlight the musculature. Nevertheless, the
high resolution of the nanoCT data allowed us to reconstruct the complete
myanatomy of the velvet worm limb in 3D and to segment and track individ-
ual muscle fibers within the most complex muscles, which is not possible with
CLSM due to the aforementioned issues. Furthermore, it is important to note
that a tissue-specific X-ray stain for muscular visualization was not available
when the presented data were acquired. However, the recent development
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of X-ray stains for specific labeling of the cell cytoplasm and the cell nuclei
(see Chapter 10) demonstrated that tissue-specific X-ray staining is generally
possible and a muscle-specific X-ray stain might be available soon.

Great potential for high-resolution 3D visualization of biological speci-
mens has been demonstrated for various 3D electron microscopy techniques
[Peddie, 2014]. Although we did not perform any comparative analysis with
such a method, we want to give a brief overview of these techniques in the
following.

While conventional transmission electron microscopy (TEM) [Williams,
2009] can obtain resolutions in the sub-nanometer range, it is limited to 2D
imaging of ultra-thin slices from a sample. This method can be extended
to 3D by acquiring projections under varying tilting angles of the specimen
and performing limited-angle tomography. However, the specimen thickness
for electron tomography is usually limited to ≈500 nm by the mean free path
length of the electrons [Baumeister, 2002].

Larger volumes can be imaged by acquiring TEM [White, 1980; Wilson,
1983] and SEM [Horstmann, 2012] images of serial sections that are sub-
sequently realigned and merged to a high-resolution 3D dataset. While this
techniques have no fundamental limit for the investigated sample size, the
typical volumes imaged have maximal dimensions of several tenths of mi-
crons. A remarkable exception is a study published in 1986 presenting the
reconstruction of the entire nervous system of the nematode Caenorhabdi-
tis elegans using of serial-section TEM [White, 1986], which, at that time,
required more than a decade of effort [Hoffpauir, 2007]. While the required
acquisition times for large volume reconstructions have been tremendously
improved since then, these methods still have several drawbacks, such as the
introduced sectioning artifacts, the necessity of complex and time-consuming
image registration techniques and the elaborate preparation of the individual
sections.

Alternatively, in serial block-face SEM (SBF-SEM) [Denk, 2004] and fo-
cused ion beam SEM (FIB-SEM) [Heymann, 2006], the surface of a sample
is scanned with an SEM, before a thin section is either cut or milled away.
By repeating this process, volumetric data with z-resolutions below 10 nm
and even higher lateral resolutions can be generated [Apreo, 2018; Holzer,
2012]. These methods have the advantages over standard serial-section
based techniques that they do not require complex image registration meth-
ods and that the resulting data are not distorted by the sectioning. While the
volumes investigated with FIB-SEM usually have maximal dimensions of sev-
eral tenth of microns [Peddie, 2014], SBF-SEM allows for the investigation of
volumes [Peddie, 2014] comparable to the sample sizes typically investigated
with the TUM NanoCT. Therefore, it would be very interesting to compare
the presented nanoCT results in this chapter to corresponding data acquired
with SBF-SEM. Unfortunately, to our knowledge, neither an onychophoran
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limb nor a tardigrade has so far been investigated with this technique, which
prevents a comparison on the basis of currently available data. Therefore,
future studies should consider performing a comparative analysis of nanoCT
and SBF-SEM data.

A fundamental advantage of nanoCT imaging over all other discussed
imaging techniques is the capability to investigate the internal features of a
sample in a non-destructive way. In principle, this enables subsequent in-
vestigation of nanoCT samples with other imaging techniques and offers the
possibility to analyze rare samples that must not be destroyed, such as spec-
imens from scientific collections or fossils. However, such investigations re-
quire the development of suitable sample preparation methods in the future.
With regards to the currently used CPD preparation, the non-destructive na-
ture of nanoCT measurements still offers several benefits. For instance, the
same specimen can be measured repeatedly with identical acquisition pa-
rameters, which renders imaging artifacts in a particular nanoCT dataset less
problematic compared to destructive methods that only allow a single mea-
surement of a sample. Furthermore, this allows to perform multiple nanoCT
measurements of a sample with varying settings and thereby offers the pos-
sibility to retrieve volumetric information on different length scales and to op-
timize the acquisition parameters for a particular application.

Conclusion: The comparative analyses demonstrated that nanoCT imag-
ing can retrieve data that are congruent with commonly used methods, such
as optical microscopy, CLSM, and SEM. While each of these techniques has
particular benefits, nanoCT can provide the most comprehensive informa-
tion about a particular sample with the highest efficiency, i.e., it enables the
non-destructive visualization of external and internal features from a single
dataset retrieved from a single sample, whereas the other methods require
several samples and measurements to generate similar data. Furthermore,
nanoCT imaging was the only tested imaging technique that enabled the vi-
sualization and tracking of individual muscle fibers within a velvet worm limb
in 3D.

9.3.3 Biological findings and conclusions

Here, we briefly summarize the biological insights and conclusions that could
be gathered from the acquired nanoCT data of the specimens. Since a more
detailed description of the biological aspects of the presented studies would
go beyond the scope of this work, the interested reader is referred to [Gross,
submitted; Kumerics, 2017; Müller, 2017].
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NanoCT imaging of an onychophoran limb

The comparative analyses of the onychophoran limb with data from other
imaging methods already revealed a set of previously obscure features mainly
associated with the foot and leg musculature. For instance, our data con-
firmed the existence of circular muscles in the onychophoran foot that, al-
though mentioned twice in the literature [Hoyle, 1980; Snodgrass, 1938], had
not been demonstrated yet. More specifically, our results reveal details of the
position, arrangement, and size of these muscles. Given their characteris-
tics, they are most likely responsible for the protraction of the onychophoran
claws. Previously, it had been suggested that the claws in velvet worms are
protracted by the hydrostatic action of the hemolymph on an eversible sac
situated dorsal to the claws [Hoyle, 1980; Oliveira, 2013a], but the muscles
involved in this process remained unknown. It is reasonable to assume, how-
ever, that when the circular muscles of the foot contract they increase the
hydrostatic pressure within the foot and pump the hemolymph into the ev-
ersible sac, which everts and externally protracts the claws.

Furthermore, our results suggest that the function of the so-called foot
depressor muscle might have been misinterpreted in a recent study, in which
the authors assumed that this muscle is responsible for elevating the foot
[Oliveira, 2013a]. The size, position, and attachment sites of this muscle
brought to light in our study instead indicate that the foot depressor most
likely plays a role in directing the foot towards the ground. This is in line with
previous studies [Birket, 1974; Manton, 1973], which propose an antagonis-
tic relationship between the foot depressor and the prominent claw retractor
muscles. In other words, while the claw retractor is responsible for contract-
ing the claws and elevating the foot, the foot depressor may be responsible
for depressing the foot back to the ground.

The results from the comprehensive segmentation and analysis of the in-
ternal features of the leg are discussed in detail in [Kumerics, 2017; Kumer-
ics, in prep.]. This study provides novel insights into the muscular system as
well as into several non-muscular features of the onychophoran limb, such as
the excretory and nervous system. However, as the primary goal of this study
was to shed light on the locomotion and the associated myanatomy of velvet
worms, the following discussion focuses on the most important aspects re-
lated to this question.

First of all, it is important to note that onychophorans have a hydrostatic
skeleton that can be shaped and directed by muscle contractions. Therefore,
particular movements can be caused by muscles that are not directly asso-
ciated with the moved portion of the body. This means that their process of
movement when walking might not be coordinated by leg muscles only, but
also by the musculature of the trunk that regulates the hemolymphatic sys-
tem. In general, velvet worms are able to walk both in anterior and posterior
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direction and they can coordinate movements of individual legs to compen-
sate for unevenness of the substrate. To improve the understanding of the
onychophoran gait and the associated functionality of the identified muscles,
the straight gait in anterior direction of an adult specimen of E. Rowelli was
analyzed by recording slow-motion videos of motion sequences of a com-
plete step cycle (Fig. 9.17). Here, it was found that the cyclic leg movement
of a single step is divided into four major motion sequences: levation, pro-
motion, depression, and remotion. Most of the segmented muscles could be
assigned to one of the four subsequences and their particular roles within the
respective subsequence were determined. For six muscles, their function for
locomotion remains obscure, however, it can be assumed that those mus-
cles play a role in the stabilization of the lobopod and the regulation of the
hemolymphatic pressure and flow in the leg.

Comparing our results to previous work that investigated the myoanatomy
of the limb and the locomotion of velvet worms indicates that previous studies
clearly oversimplified the complex muscular system operating the legs. For
instance, we found that four of the identified muscles had not yet been de-
scribed in the literature at all. Furthermore, our data suggest that the function
of several muscles had been misinterpreted previously and their terminology
had to be revised. With regards to the aforementioned ring musculature, our
data confirm the previous assumption that this muscle is responsible for the
protraction of the claw by increasing the hemolymphatic pressure in the foot.

The presented myoanatomical findings and deductions concerning ony-
chophoran locomotory strategies help to understand the general functionality
of lobopods. As mentioned before, similar unjointed appendages were al-
ready existent in extinct Lobopodia from the Cambrian [Maas, 2007; Zhang,
2016]. However, it is not yet elucidated which muscular features have been
conserved from their ancestors and which have been developed during on-
ychophoran evolution. To draw further conclusions, the leg musculature in
velvet worms has to be compared to the muscular system in locomotory ap-
pendages of the closest relatives, namely, the extinct Cambrian Lobopodia
and the recent Tardigrada and Arthropoda. Image data revealing preserved
details about the leg musculature in lobopod fossils are very rare and lack
important spatial information about the muscular system. Therefore, it is cur-
rently not possible to draw conclusions about conserved and derived leg mus-
cles in recent Onychophora from comparison to extinct Lobopodia. On the
other hand, myoanatomical studies on water bears showed that, in contrary
to the meshwork-like musculature in onychophoran legs, their legs are oper-
ated by solitary elongated muscle cells [Walz, 1974] attached to condensed
sites in the body [Halberg, 2009]. It is assumed that the miniaturization pro-
cess in the evolution of the Tardigrada has led to a highly specialized leg
musculature and thereby a differing strategy for operating lobopods when
compared with other Lobopodia. Finally, the exoskeleton of current Arthro-
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Figure 9.17: Motion sequence of a complete step cycle in the usual onychophoran
gait in anterior direction. Subsequent frames (a – h) of a high-speed camera footage
obtained from a walking adult specimen of E. rowelli and corresponding illustration
of motion sequence (i) representing the main steps of the onychophoran locomo-
tion: levation (a, b), promotion (c, d), depression (e, f) and remotion (g, h). Note the
protraction of the claws during the depression step. The arrow indicates the walking
direction. Abbreviations: cl, claw; ft, foot; lg, leg; pa, spinous pad. Figure and caption
adapted from [Kumerics, in prep.].

poda shapes and stabilizes their body and provides robust attachment sides
(apodemes) for muscles. Consequently, in contrast to velvet worms, most
arthropodian species are not dependent on hydrostatic effects for movements
and do not show fanned out muscles with scattered attachment sites. While
a direct comparison among these groups seems difficult, gene expression
studies demonstrated that genetic mechanisms behind leg development are
conserved in Panarthropoda [Janssen, 2010], suggesting that at least some
leg elements in these groups might be homologous to each other. How-
ever, the evolution from unjointed lobopods to rigid, articulated appendages
in Arthropoda is still controversially discussed (see [Young, 2017]) and cur-
rently there are no matching data available to compare ancestral conditions
of the leg musculature in arthropods with the herein presented onychophoran
leg muscles. Therefore, future nanoCT studies should aim for the analysis of
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the muscular system in Arthropoda and Tardigrada with comparable detail
as in the presented velvet worm limb, as this might shed light on ancestral
states of locomotory strategies in the three recent panarthropod groups and
improve the general understanding of leg evolution in Panarthropoda.

Conclusion: The presented nanoCT data enabled a detailed segmentation
and visualization of external and internal structures of the leg that provided
valuable novel insights into the anatomy and functionality of the onychopho-
ran limb. In particular, it allowed for a comprehensive analysis of the muscular
system of the limb and a better understanding of the onychophoran locomo-
tory system.

NanoCT imaging of a tardigrade

The imaged tardigrade Hypsibius exemplaris is a relatively small specimen
at 152 µm, whereas adult individuals of the species have a typical length of
approximately 230 µm [Gąsiorek, 2018]. The fact that the specimen presents
an ovary indicates that it was at least approaching sexual maturity, however,
no evidence of developing eggs is seen. Therefore, we conclude that the in-
vestigated specimen is a subadult, as water bears generally continue growing
even after reaching sexual maturity [Nelson, 2014]. While the position and
spatial relationship of the organs in our sample generally agree well with the
findings from prior investigations, there are also some interesting deviations
from previous results.

For instance, our results demonstrate that the ovary develops not directly
dorsal to the midgut but rather dorsolaterally, thereby displacing the midgut.
The attachment sites of the two anterior ligaments that connect the ovary to
the body wall likewise reflect this asymmetry. While the ligaments are gen-
erally presented in the literature as isolated within the body cavity [Poprawa,
2005; Poprawa, 2015], the right ligament in our data appears closely asso-
ciated with the midgut wall. Whether the ovary always occupies the space
to the left of the midgut or whether this position varies between tardigrades
has, to our knowledge, never been addressed, as the position of the ovary
is usually described simply as “dorsal” or overlying the midgut [Dewel, 1998;
Poprawa, 2015]. Future studies using nanoCT may aim to quantify exactly
how the volume of the ovary changes throughout the reproductive cycle. Sim-
ilarly, it may be interesting to investigate volume changes in the midgut, as
the size of this organ does not only depend on the nutritional state of the
animal but also on the stage of the life cycle. For instance, tardigrades un-
dergoing a molt are unable to feed due to the expulsion of the entire foregut
(the so-called “simplex” stage), and the midgut shrinks in size accordingly
[Nelson, 2014].

The volume measurement of the tardigrade brain revealed that its size
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in relation to the body volume (1.0 % TBV) is approximately double that of
honeybees and even greater compared to larger insects, such as diving bee-
tles (ditystids) [Wiggleworth, 1953]. Our results, therefore, seem to follow the
trend described by Haller’s Rule, by which a reduction in body size accom-
panies an increase in the relative brain volume, at least in insects [Rensch,
1948]. However, direct comparisons between the brains of tardigrades and
insects should be made with caution, as several insect species that are con-
siderably larger than our tardigrade specimen have much larger relative brain
sizes3. Moreover, the brain size may also depend partly on the innervation of
any sensory organs on the head, as the specialized brain regions associated
with these structures may be enlarged [Beutel, 2005]. In this regard, it would
be interesting to compare the brain sizes across different heterotardigrades,
which possess an array of head appendages that are not present in eutardi-
grades like H. exemplaris.
As mentioned before, the storage cells in the body cavity of a tardigrade
can play various physiological roles, and therefore, may differ in their inter-
nal morphologies and ultrastructure. This hypothesis is supported by the
different gray values and textures seen in the storage cells in our CT data.
The sizes of these cells have been measured in several studies in a num-
ber of different species (although never in H. exemplaris) [Czernekova, 2016;
Jönsson, 2002; May, 1947; Reuner, 2010; Szymanska, 1994] indicating that
the number and size of storage cells vary greatly depending on the species.
The average diameter of the storage cells in our specimen is approximately
4.5 µm, thereby most closely resembling those of Macrobiotus sapiens, which
measured 4.4 – 8.3 µm in diameter [Reuner, 2010]. It is important to note that
we directly measured the volumes of the storage cells by counting the voxels
associated with each cell. Subsequently, we calculated the corresponding
diameters by assuming a spherical shape for all cells. On the other hand, the
previous studies were based on measuring the cell diameters and calculating
the volumes by using geometrical approximations. Since a large proportion
of storage cells tend to be irregular in shape, our volume measurements may
be more precise than volume estimations based on measurements of the
diameter. Although future studies may be required to specifically address
the effects of different methods on final size estimates, we propose that CT
imaging may be a more accurate method of analyzing size distributions of
storage cells. An additional benefit of our method is that the scanned spec-
imens remain fully intact, minimizing the chance that any storage cells may
have leaked out of the animal. Our sample has a smaller number and smaller
sizes of storage cells than any previously investigated specimen, as well as
a relatively small body size, therefore, suggesting a positive correlation be-
tween body size and the number of storage cells (at least for H. exemplaris).

3For example, species of featherwing beetles (ptilids) that are 380 – 630 µm in length have
brain volumes of 2.9 – 4.3 % TBV [Polilov, 2008].
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Previous studies also demonstrated that the size, shape, and distribution of
storage cells are affected by physiological processes, such as cryptobiosis
[Jönsson, 2002] or starvation [Reuner, 2010]. Consequently, future nanoCT
studies may focus on investigating the morphological changes of the storage
cells induced by different physiological processes.

Conclusion: The shown nanoCT results provide the first comprehensive,
artifact-free, isometric 3D visualization of an entire tardigrade and its internal
organs. To our knowledge, this study represents the smallest animal that has
ever been investigated as a whole using CT imaging. Our data revealed the
overall structure and spatial relationships of all major organs and structures
within the body. Furthermore, the resulting dataset allowed for segmentation
of these structures and the direct measurement of their volumes without hav-
ing to rely on geometrical approximations, thereby enabling a higher accuracy
of volume measurements.
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9.4 Methods

The majority of the following methodological descriptions were adapted from
[Müller, 2017] and [Gross, submitted].

9.4.1 Specimens

Onychophora

Two species of Onychophora were collected from typical microhabitats, such
as rotten logs and leaf litter. The specimens of the peripatid species Princi-
papillatus hitoyensis Oliveira et al., 2012 [Oliveira, 2012a] were obtained in
October 2005 in the Reserva Biológica Hitoy Cerere (Province of Limón, re-
gion of Talamanca, Costa Rica; 09 ◦ 40 ' N, 83 ◦ 02 ' W, 300 m). The specimens
of the peripatopsid species Euperipatoides rowelli Reid, 1996 [Reid, 1996]
were collected in the Tallaganda State Forest (New South Wales, Australia;
35 ◦ 26 ' S, 149 ◦ 33 ' E, 954 m) in January 2013. The animals were trans-
ported to and maintained in the laboratory as previously described [Baer,
2012; Oliveira, 2012a]. Before the experiments, the living specimens were
photographed with a camera (Nikon D7000, Nikon, Tokyo, Japan). The steps
described in this paragraph were performed by Ivo de Sena Oliveira.

Tardigrada

Specimens of the eutardigrade Hypsibius exemplaris Gasiorek et al., 2018
(previously “H. dujardini Doyère, 1840”) were originally purchased from Sci-
ento (Manchester, England). They were kept in plastic Petri dishes filled
with mineral water (Volvic, Danone Waters Deutschland, Frankfurt am Main,
Germany) at 21 ◦C and fed unicellular algae (Chlorococcum sp.). Water and
algae changes were performed approximately once per month. In prepa-
ration for each experiment, animals were isolated from algae by washing
through a 50 µm nylon mesh with tap water and backwashing the animals
into a glass microscopy bowl with clean water. The steps described in this
paragraph were performed by Vladimir Gross. Parts of this paragraph are
literally adapted from [Gross, 2018].

9.4.2 Conventional light microscopy

An adult specimen of E. rowelli was anesthetized using ether vapor and
subsequently photographed using a stereomicroscope (Stemi 508, Zeiss,
Oberkochen, Germany). The measurements from the investigated structures
were obtained using the free software ZEN blue edition (Zeiss, Oberkochen,
Germany).
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9.4.3 Scanning electron microscopy

Onychophora

Live specimens were anesthetized by an exposure to chloroform vapor and
placed in distilled water for 15 min. The samples were fixed in 4 % paraform-
aldehyde (PFA) in phosphate-buffered saline (PBS; 0.1 mol/l, pH 7.4) for 1 h,
rinsed with distilled water for 30 min and dehydrated in an ethanol series.
Then they were cut into smaller parts, dried in a critical point dryer (CPD
030, Bal-Tec AG, Balzers, Liechtenstein), coated with gold in a sputter coater
(SCD 050, Bal-Tec AG, Balzers, Liechtenstein), and examined using a field-
emission scanning electron microscope (S4000, Hitachi High-Technologies
Europe, Krefeld, Germany). The steps described in this paragraph were per-
formed by Ivo de Sena Oliveira.

Tardigrada

Live specimens were asphyxiated at 60 ◦C for 30 min and fixed in 4 % PBS-
buffered PFA for at least 1 h at room temperature (RT). After 2 x 15 min rinsing
with PBS, the specimens were dehydrated in an ethanol series. The spec-
imens were then transferred in absolute ethanol to a capsule with a pore
size of 78 µm (Plano, Wetzlar, Germany) and dried in a critical point dryer
(CPD 030, Bal-Tec, Balzers, Liechtenstein). After coating of the samples with
gold-palladium in a sputter coater (Polaron SC7640, Quorum Technologies,
Laughton, England), they were attached to aluminum stubs with double-sided
carbon tape and imaged using a field-emission scanning electron microscope
(S4000, Hitachi High-Technologies Europe, Krefeld, Germany). The steps
described in this paragraph were performed by Vladimir Gross.

9.4.4 Vibratome sectioning and confocal laser scanning
microscopy

For vibratome sectioning, the specimens of E. rowelli and P. hitoyensis were
cut into pieces and fixed overnight in 4 % PFA in PBS at RT. The samples
were washed with several changes of PBS, embedded in a 4:1 mixture of al-
bumin/gelatine (3.75 g of albumin [Sigma-Aldrich, St. Louis, MO, USA, Grade
II] in 10 ml distilled water; 0.5 g gelatine [Sigma-Aldrich, Type A] in 2.5 ml dis-
tilled water) and cooled down for 4 hours at 4 ◦C. The albumin/gelatine blocks
were then fixed overnight in 10 % PFA at 4 ◦C, washed for 30 min with PBS
at RT, trimmed and sectioned into series of 100 – 200 µm thin sections with
steel blades on a Vibratome (Vibratome Company, Saint Louis, MO, USA).
To study the myoanatomy, the vibratome sections were labeled for f-actin
by incubating overnight at RT in a solution containing phalloidin-rhodamine
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as described previously [Mayer, 2009]. Subsequently, the labeled sections
were mounted on glass slides in a mounting medium (Vectashield Mounting
Medium, Vector Laboratories, Burlingame, CA, USA) and imaged with a con-
focal laser scanning microscope (Zeiss LSM 510 META, Zeiss, Oberkochen,
Germany). The steps described in this paragraph were performed by Ivo de
Sena Oliveira and Georg Mayer.

9.4.5 Sample preparation for nanoCT imaging

Onychophora

Preparation protocol for CPD samples: Live specimens were anesthetized
by an exposure to chloroform vapor and placed in distilled water for 15 min.
Prior to sample preparation, the newborn specimens of E. rowelli had been
stored in 4 % formaldehyde in distilled water for several weeks. Selected
specimens were rinsed multiple times with PBS and cut into smaller samples
containing one leg and a small part of the body wall. For the stained samples,
the separated legs were postfixed overnight in 1 % OsO4 (Science Services,
Munich, Germany) in PBS, for the unstained samples, this step was skipped.
Afterwards, the samples were dehydrated in an ethanol series, dried in a
critical point dryer as described above for scanning electron microscopy and
mounted onto sample holders for nanoCT imaging.
Preparation protocol for embedded samples: The same steps as de-
scribed for the CPD samples were performed to obtain small samples con-
taining one leg and a small part of the body wall. The specimens were fixed
overnight in 2.5 % glutaraldehyde buffered in sodium cacodylate (0.1 mol/l,
pH 7.0) and rinsed with sodium cacodylate (0.1 mol/l, pH 7.0) for several
times. For the stained samples, the legs were postfixed in 1 % OsO4 (Science
Services, Munich, Germany) in PBS sodium cacodylate (0.1 mol/l, pH 7.0) for
1 h, for the unstained samples, this step was skipped. After dehydration in an
acetone series, the samples were embedded in Araldite® in pipette tips. The
steps described in this paragraph were performed by Ivo de Sena Oliveira.

Tardigrada

Live specimens were asphyxiated at 60 ◦C for 30 min and subsequently fixed
in PBS-buffered 2.5 % glutaraldehyde at 4 ◦C for at least 1 h. The speci-
mens were rinsed 5 x 10 min with cold PBS and postfixed in an aqueous so-
lution containing 1 % OsO4 and 1 % potassium ferrocyanide (Merck KGaA,
Darmstadt, Germany) at 4 ◦C for 1 h. Afterwards, the samples were rinsed
5 x 10 min with distilled water and incubated in 1 % thiocarbohydrazide (Sigma-
Aldrich, St. Louis, MO, USA) for 20 min at RT. After another 5 x 10 min rinsing
with distilled water, the specimens were incubated overnight in 1 % OsO4 at
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RT. On the following day, they were rinsed 5 x 10 min with distilled water at
RT, dehydrated through an ethanol series and dried in a critical point dryer
as described for SEM. Subsequently, individual tardigrades were mounted
manually on hedgehog quills using cyanoacrylate glue. The steps described
in this paragraph were performed by Vladimir Gross.

9.4.6 X-ray nanoCT imaging, processing and data analysis

All data shown in this chapter were acquired at an acceleration voltage of
60 kV with 1599 projections evenly distributed over 360 ◦. All CT data were
processed with the background-intensity and dead-pixel correction (Sec. 7.1),
and the projection alignment algorithm (Sec. 7.4).

Onychophoran leg

The nanoCT data of the differently prepared samples (Fig. 9.3) were all
acquired with an exposure time of 4 s per projection. The voxel size was
540 nm except for the unstained embedded sample, where the voxel size
was 1.67 µm. The projections were not further processed and reconstructed
with the FBP algorithm.

The CT data used to demonstrate the image processing steps (Fig. 9.4)
were acquired with an exposure time of 4 s per projection at a voxel size of
270 nm. The CT slices shown in Figure 9.4 a, b were reconstructed with the
FBP algorithm without further preprocessing of the projections. The CT slices
shown in Figure 9.4 c, d were reconstructed with the SIR version 1 without fur-
ther preprocessing of the projections. The slices shown in Figure 9.4 e, f were
reconstructed with the FBP algorithm after application of the phase-retrieval
algorithm to the projections. Here, an effective wavelength corresponding to
20 keV was used. The chosen ratio of the attenuation and the phase coef-
ficient was 200. For the CT slices shown in Figure 9.4 g, h, reconstruction
and phase retrieval was identical to the slices shown in Figure 9.4 e, f. Prior
to phase-retrieval, the RL deconvolution was applied to the projections with
10 iterations. The kernel for the deconvolution was a rotationally symmetric
Gaussian function with a standard deviation of 2 pixels.

The 11 CT datasets from the entire limb (Figs. 9.5, 9.6, 9.7, 9.8, 9.9, 9.10,
9.11) were all acquired with the same acquisition parameters, namely, 2 s ex-
posure time per projection and an effective voxel size of 400 nm, and were
processed identically. 10 iterations of the RL deconvolution were applied to
the projections using a rotationally symmetric Gaussian function with a stan-
dard deviation of 1 pixel as deconvolution kernel. For the phase-retrieval al-
gorithm, an effective wavelength corresponding to 20 keV and a ratio of 200
was used. Reconstruction was performed using the FBP algorithm. Sub-
sequently, the individual datasets were combined to a single volume of the
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entire limb by using the following stitching procedure. First of all, the first and
last 10 transversal slices of each dataset were removed, since they contained
reconstruction artifacts due to the cone-beam geometry. Subsequently, the
volumes that contained overlapping sample information were manually es-
timated for two consecutive datasets, and the voxel intensities in this vol-
umes were differentiated along the stitching direction. In the next step, a
3D shift vector based on the cross-correlation of the two differential volumes
was calculated and used to determine the displacement of the corresponding
datasets. This allowed to arrange all datasets relative to a selected reference
dataset in a global coordinate system. To ensure smooth transitions in the
combined volume, the size of the individual datasets were chosen in such
a way that several slices of overlap were created, i.e., in these slices, each
voxel contains the mean of the intensities from both datasets.

All highlighted structures were segmented using Amira 6.0.1 (Thermo Fis-
cher Scientific, Hillsboro, OR, USA). The volume renderings in Figure 9.7
were generated with VGStudio MAX 2.1 (Volume Graphics, Heidelberg, Ger-
many), whereas the volume renderings in Figures 9.9, 9.10, and 9.11 were
generated using VGStudio MAX 3.0 (Volume Graphics, Heidelberg, Ger-
many). Henry Jahn segmented the muscles highlighted in Figure 9.7. An-
dreas Kumerics performed the comprehensive segmentation of internal fea-
tures and generated the renderings shown in Figures 9.9, 9.10, and 9.11.
The other steps described in this paragraph were performed by Mark Müller.

Tardigrade

The exposure time for all tardigrade measurements was 2 s per projection,
resulting in a total acquisition time per CT dataset of 2 h 15 min.

For the imaging of the entire animal (Fig. 9.13 a, c, e), 4 separate CT mea-
surements were performed with a voxel size of 270 nm at different vertical po-
sitions and processed identically. 10 iterations of the RL deconvolution were
applied to the projections using a rotationally symmetric Gaussian function
with a standard deviation of 1.5 pixel as deconvolution kernel. After recon-
struction with the SIR version 1, the data of individual measurements were
combined to a single volume of the entire animal by using the same stitching
procedure as described above for the velvet worm limb.

The head region (Fig. 9.12; Fig. 9.13 b, d) was imaged at a voxel size of
200 nm and was reconstructed with the SIR version 2. Here, the blurring of
the source, which is the predominant contribution of the intrinsic image blur
of the system, was estimated to be a Gaussian blur with a standard deviation
of approximately 1 pixel.

The segmentation of the two datasets (entire animal and head region)
was done manually per slice using the open source software package Fiji Im-
ageJ and Amira 5.4.0 (Thermo Fischer Scientific, Hillsboro, OR, USA). The
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label fields of the head region of the entire-animal dataset were replaced by
the labels of the head-region dataset by using a registration algorithm with
an affine transformation model. The combined dataset was then used for all
renderings (Figs. 9.14, 9.15) and analysis steps. The volumetric analysis of
the segmented organs and structures was done with Avizo Fire 8.1 (Thermo
Fischer Scientific, Hillsboro, OR, USA) and the volume renderings were gen-
erated with VGStudio MAX 3.1 (Volume Graphics, Heidelberg, Germany).
Vladimir Gross performed the segmentation and generated the renderings.
The other steps described in this paragraph were performed by Mark Müller.
A list of the detailed acquisition parameters for all presented measurements
in this chapter can be found in Table A.1.

9.4.7 Locomotion analysis

The locomotion of a living specimen of E. Rowelli (Fig. 9.17) were recorded
with a high-speed digital camera (Phantom Miro LC320S, Vision Research,
Wayne, NJ, USA) with 500 fps. The obtained motion sequences were ana-
lyzed with Adobe Premiere Pro CS5.5 (Adobe Systems Incorporated, San
Jose, CA, USA). The movies were recorded by Ivo de Sena Oliveira and
analyzed with respect to the nanoCT data by Andreas Kumerics.
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Chapter 10

NanoCT imaging for virtual
histology

10.1 Introduction

This chapter is dedicated to studying the potential of nanoCT imaging for his-
tological investigations. For this purpose, we investigated various volumetric
tissue specimens treated with novel X-staining methods and compared our
results with data from conventional 2D histology. In this introduction, we pro-
vide the reader with the background information necessary to understand
the results and conclusions of this chapter. We first discuss the typical pro-
cesses in clinical histopathology followed by a short overview of 3D imaging
techniques used in histology. After briefly reviewing currently available X-
ray staining methods, we introduce two novel staining protocols specifically
tailored for histological investigations by means of X-ray CT imaging.

10.1.1 Conventional 2D histology

Histology is the study of the microscopic structure of tissues present in plants
and animals. The term “Histology” was first used in 1819, when A.F.J.K.
Mayer combined two Greek root words “histos”, for tissues, and “logos”, for
study [Hussein, 2015]. However, the first histological investigations date back
to the 17th century, when Italian Scientist Marcello Malpighi invented one of
the first optical microscopes and used it to study small biological samples,
such as lung tissue from frogs [Young, 1929]. In the following centuries,
great advances in the development of microscopic techniques as well as in
the fields of sample preparation and staining methods were made. By the be-
ginning of the 20th century, histological investigations had already become an
indispensable tool not only to study the general structure of tissues but also
for medical investigations of tissue abnormalities and the diagnosis of certain
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dried sections on
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removal of paraffin,
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Figure 10.1: Schematic illustration of the preparation protocol for conventional his-
tology including the steps necessary for the generation of histological microscope
slides. Each individual slide is subsequently observed under an optical microscope.
Based on Figure 10.8 in [Romeis, 2015].

diseases, thereby creating the field of histopathology. Nowadays, histolog-
ical methods have a broad range of applications in biological and biomedi-
cal research, e.g., in cell biology and molecular biology. However, the most
important application is in clinical routine, where histopathology is the gold
standard for medical diagnosis of many diseases. In particular, oncological
investigations, such as tumor grading, are mainly based on the morphologi-
cal appearance of histological tissue sections. For a detailed introduction to
histological methods, the reader is referred to the following textbooks [Ban-
croft, 2013; Kiernan, 2015; Romeis, 2015]. Here, we focus on the standard
procedure in clinics and a short introduction to histological staining.

The standard preparation procedure for clinical histopathological analysis
involves multiple steps (Fig. 10.1) and usually takes several days. First, a
fresh tissue sample is retrieved from a patient, e.g., during therapeutic re-
moval of a tumor or cancerous organ, the surgical oncologist removes the
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entire tumor and a section of the surrounding normal tissue. From the large
tissue piece, smaller samples from regions of diagnostic interest are cut and
histologically treated to assess the nature and extent of the cancerous tis-
sue and to determine if further surgery is necessary. Alternatively, biopsies
are performed by surgeons or radiologists to retrieve a tissue sample for di-
agnostic testing. Here, the sample is typically small enough that it can be
directly used for the following steps without further cutting. After fixation, the
sample is dehydrated and incubated in paraffin wax to infiltrate the complete
sample. In the next step, the sample is embedded in paraffin wax resulting
in the typical block form. Here, the orientation of the sample within the block
is crucial, since it defines the subsequent cutting direction and thereby the
orientation of the resulting sections. The paraffin block is clamped into a so-
called microtome and cut with a very sharp blade into sections with a typical
thickness between 1 and 20 µm. Each section is carefully placed on a glass
slide and dried. After removal of the paraffin, the sections are rehydrated,
stained and then dehydrated again. Subsequently, the sections are mounted
in an embedding medium and covered with a coverslip. Finally, each section
is examined individually with an optical microscope.

Some of the described steps, such as the dehydration and staining pro-
cesses, are usually fully automated in clinical routine, whereas the embed-
ding and sectioning steps are still performed manually in most cases. While
the wrong execution of each preparation step can naturally cause artifacts in
the resulting 2D slides, the sectioning process is particularly prone to artifacts
[Chatterjee, 2014; McInnes, 2005] and requires experienced and skilled exe-
cution. Next to other less severe artifacts, sections are often distorted, curled
or contain cracks after cutting with the microtome. In many cases entire sec-
tions are lost or rendered useless, prohibiting the generating of consecutive
sections from a sample. Detailed summaries of preparation artifacts in his-
tology, can be found in [Chatterjee, 2014; McInnes, 2005].

Nowadays, digital microscopes allow for automated scanning of histolog-
ical slides at predefined magnifications with relatively high throughput. So in
principle, it is possible to generate consecutive slides of an entire biopsy sam-
ple and digitally store the images. However, in clinical routine, most pathol-
ogists still prefer to work with the microscope in a classical sense, i.e., they
look at a slide through the microscope, and when they identify a region of
interest, they zoom into that region by manually changing the objective of
the microscope. Then, they adjust the microscope settings to their personal
preference, make a diagnosis and write a report, sometimes without storing
digital image data at all. Consequently, it would be far too time-consuming to
generate and examine histological slides of an entire biopsy sample and usu-
ally only a few sections are generated from an embedded sample, e.g., for a
sample with a diameter of 1 mm, individual sections (of a few µm thickness)
are generated at intervals of 100 µm, whereas the intermediary parts of the
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sample are trimmed away and cannot be stored for future investigations.
The greatest strength of conventional histology is the availability of a large

variety of stains and dyes for various purposes. Classical histological stains,
such as the hematoxylin and eosin (H&E) stain or the periodic acid-Schiff
(PAS) stain, are based on selective chemical interactions (e.g., ionic non-
covalent bonding) or reactions (e.g., acid-base reactions) and are mainly
used to visualize the overall morphology of tissue by highlighting specific
cellular structures [Bancroft, 2013]. On the other hand, immunohistochem-
ical stains are based on antibodies that bind to a certain antigen and are
used for highly specific staining of individual proteins [Bancroft, 2013]. For
most applications, a combination of multiple stains is applied. For instance,
counterstaining is used to stain a target structure with a color that is eas-
ily distinguishable from the principal stain, thereby creating a strong contrast
that improves the differentiation between different tissue structures.

H&E staining is the most widely used staining technique in histology [Ban-
croft, 2013]. It is the gold standard for morphological overview staining of
various tissue types, due to its comparative simplicity and ability to visualize
an enormous amount of different tissue structures. Generally speaking, the
H dye stains the cell nuclei in a dark shade of blue, while the eosin staining
highlights the cell cytoplasm and most connective tissue in a pinkish color.

The particular benefit of eosin is that it can be used to distinguish between
the cytoplasm of different cell types and between different types of connective
tissue fibers and matrices, since it stains these structures in differing shades
of red and pink. Eosins are xanthene dyes, of which different types are easily
commercially available. The most commonly used variant is eosin Y, which is
typically applied as a 0.1 to 1.0 % solution in distilled water. Differentiation of
the eosin staining, i.e., the process to achieve the differing shades of colors
for the different structure types, occurs partially during a subsequent wash-
ing step with tap water [Bancroft, 2013] or distilled water [Romeis, 2015] and
mainly during the storage of the sample in ethanol (70- 80 %) [Romeis, 2015].

While standard eosin staining is based on a single protocol, several varia-
tions of hematoxylin staining are applied in histopathological routine. Hema-
toxylin is a naturally occurring substance that is not a stain itself. However,
its major oxidation product, hematein, is a dye that is responsible for the
color properties. Since hematein is neutral and has a poor affinity to bind
to tissue, a metal cation (or mordant) is required to enable the binding of
the dye-mordant complex to anionic tissue sites, such as the nuclear chro-
matin [Bancroft, 2013]. The used mordants have a strong impact on the
final staining color and on the tissue components that are stained. The most
common mordants for hematoxylin are salts of aluminum, iron, and tung-
sten. Widely used hematoxylin variations are “Mayer’s hematoxylin” based
on aluminum and “Weigert’s iron hematoxylin”. For more details on histolog-
ical staining techniques in general and the (H&E) staining in particular, the
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interested reader is referred to [Bancroft, 2013; Romeis, 2015].

10.1.2 3D methods for histological investigations

While conventional histology is a powerful and indispensable tool in the clin-
ics, it also has several disadvantages, such as the time-consuming, compli-
cated and, most-importantly, destructive preparation process of the samples.
The major drawback, however, is the limitation to 2D images from planes pre-
determined by the cutting process, thereby not providing true 3D information
about the sample, which is of great importance for many applications. To
overcome this limitation, several techniques have been developed. A com-
mon approach is to reconstruct a 3D volume from a dataset of consecutive
(serial) histological sections [Andreasen, 1992; Braverman, 1986]. Here,
each microscope slide is imaged and digitized individually. Then, the sec-
tions are digitally rectified, realigned and finally stacked on top of each other
to generate a 3D volume. However, the necessary correction and registra-
tion steps are the key problems of this technique, due to the variable and un-
predictable distortions and displacements produced by tissue sectioning and
other preparation steps. First, each section has to be corrected for intrinsic
deformation artifacts, such as distortions towards the edges of the sample.
Second, the sections have to be registered onto each other using prominent
structures in the specimen (internal markers) [Andreasen, 1992; Braverman,
1986; Rydmark, 1992] or by using external markers [Meyer, 1988; Streicher,
1997]. While these techniques have improved over the years, they are still
very time-consuming and the resulting reconstructions are often incomplete
or do not represent the 3D structure of the imaged sample in a reliable
way [Mohun, 2011; Weninger, 1998]. Furthermore, the resolution of such
datasets is usually non-isotropic, as the in-plane resolution of an individual
section is typically higher than the resolution in the stacking direction that is
determined by the thickness of the slices.

Among alternative approaches for 3D reconstruction of histological data,
episcopic microscopy or surface imaging microscopy has become a quite
popular tool. Here, the specimen is typically stained as a whole and embed-
ded in a paraffin or resin block. Subsequently, the surface of the block is
imaged using fluorescence microscopy [Rosenthal, 2004; Weninger, 1998]
each time before a section is cut or milled away, thereby generating images of
consecutive slices with a relatively high image quality. Similarly, serial block-
face scanning electron microscopy can be used to obtain three-dimensional
structural information down to the nanometer scale [Denk, 2004]. These
block-face methods have the advantage that they produce less cutting arti-
facts in the individual images and that the registration steps are often less
complicated than for the reconstruction of serial sections. A major draw-
back of these methods is, however, that the samples are often completely
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destroyed and cannot be stored or used for further investigations.
In contrast, X-ray microCT imaging (e.g., [Dudak, 2016; Metscher, 2009a;

Mizutani, 2008; Senter, 2016; Walton, 2015]) and nanoCT imaging (e.g.,
[Kerckhofs, 2014; Walton, 2015]) have proven to provide valuable 3D in-
formation of histological samples in a fast, simple and non-destructive way.
However, the limited resolving power of microCT systems and commercially
available lens-free nanoCT systems [Kerckhofs, 2014] usually prevents imag-
ing of fine details with resolutions comparable to histology, whereas optics-
based soft X-ray microscopes [Walton, 2015] have other disadvantages, such
as a relatively small field of view (for more information, see Section 8.3.5).
Furthermore, soft tissues, which consist mainly of low atomic number ele-
ments, such as carbon, hydrogen, oxygen, and nitrogen, have low intrinsic
attenuation for typically used X-ray energies of laboratory-based CT systems.
This makes it difficult to use standard attenuation-based X-ray CT for soft-
tissue samples that have not been treated with a contrast-enhancing X-ray
stain. However, compared to conventional histology, the availability of stain-
ing methods for X-ray imaging is still quite limited.

10.1.3 X-ray staining

In contrast to staining for optical microscopy, which relies on the principle of
dying tissue structures in differing colors to create a visible color contrast,
the purpose of X-ray staining is to enhance the image contrast by increas-
ing the attenuation of X-rays in the sample. At present, the most widely
used X-ray staining method is based on iodine potassium iodide (IKI) in alco-
holic or aqueous solutions [Metscher, 2009a]. Here, the triiodide and iodide
anion allow for an ionic interaction with (poly)cationic structures within non-
mineralized tissues, which makes IKI an optimal overview stain being able
to penetrate entire organisms such as animal embryos. Other popular X-ray
staining agents that have been adopted from electron microscopy staining
are osmium tetroxide (OsO4) and phosphotungstic acid solution (PTA). OsO4
mainly stains lipids and proteins [Angermüller, 1982], and provides a strong
overall contrast enhancement [Jahn, 2018; Metscher, 2009b]. However, its
tissue penetration depth is limited to small samples. Furthermore, its high
toxicity combined with its volatile character makes it hazardous to work with
and requires expensive disposal [Metscher, 2009b; Pauwels, 2013]. PTA
is known to stain various proteins and connective tissue fibers [Metscher,
2009a; Quintarelli, 1971] providing a good tissue overview, but requires very
long staining times and is even more limited in penetration depth than OsO4.

While the X-ray stains mentioned above can provide a good overall con-
trast enhancement, none of these stains are specific in the sense of a his-
tological stain, such as H&E. Furthermore, most currently available X-ray
staining techniques inhibit further investigation of the sample by histologi-
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Figure 10.2: Protocol and interaction mechanism of the eosin-based staining pro-
tocol for X-ray imaging. (a) Individual steps of the protocol including incubation and
staining times. Due to its efficiency, it is particularly suited for larger samples (e.g.,
whole organs). (b) The stain interacts non-covalently with soft tissue on the molec-
ular level (highlighted by blue circles). Shown is the negatively charged eosin with
cationic amino acid side chains of cytoplasm proteins/peptides. The optimized ionic
interaction is achieved by acidification of the soft tissue during fixation and allows
for a higher accumulation of eosin within the cytoplasm of cells. The eosin molecule
of the disodium salt contains four bromine atoms (highlighted by orange circles).
The high atomic number (Z = 35) of bromine generates a particularly high contrast
enhancement for X-rays. Figure and caption adapted from [Busse, 2018].

cal methods. In particular, they prevent counterstaining of sections derived
from bulky tissue samples that have been investigated with X-ray imaging be-
fore. Consequently, the availability of X-ray staining agents with the following
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properties promises to have great benefits for X-ray imaging of soft-tissue
samples and histological applications. The staining protocol should (i) be
able to target a specific biological morphology, (ii) stain homogeneously and
completely, (iii) be able to speedily penetrate large and dense tissue samples
without creating artifacts such as diffusion rings, (iv) be easy to handle and
non-toxic, and (v) be fully compatible with histology.

With the aim to fulfill the aforementioned criteria, we developed two novel
X-ray staining protocols based on the previously described eosin and hema-
toxylin stains. Since the standard protocols from histology do not generate a
visible contrast enhancement for X-ray imaging1, the protocols required mod-
ifications and optimization to suit the novel application.

For the case of eosin staining, the essential modifications were an in-
crease in the concentration of the eosin solution and the introduction of an ad-
ditional acidification step (Fig. 10.2 a). A series of increasing concentrations
up to the maximum solubility of eosin in water (30 % [wt/vol]) were tested. As
expected, the strongest contrast enhancement was observed with the high-
est eosin concentration. Furthermore, we found that prior acidification of the
sample was crucial for the final staining quality since this step optimally pre-
pares the soft tissue on a molecular level for the staining procedure with the
eosin disodium salt. More precisely, the amino acid side chains of proteins
and peptides in the cell cytoplasm are protonated by the acid, which enables
improved ionic interaction with the applied stain and thereby a higher accu-
mulation of staining agent within the cell cytoplasm (Fig. 10.2 b). A more
detailed description of the eosin-based staining protocol for X-ray imaging
can be found in the methods section of this chapter and in [Busse, 2018].

For the case of hematoxylin staining (which is referred to as hematein-
based staining in the following), the development steps were more complex.
As mentioned above, histological H-stains are composed of a metal-cation-
hematein complex. However, typically used metal-cations, such as aluminum
(Z = 13) and iron (Z = 26) have low atomic numbers and thereby are not suit-
able to generate a high attenuation-contrast for X-rays. Therefore, the metal
ion had to be exchanged with a much higher atomic number element. For
this reason, different metals, such as silver, gadolinium, barium, and lead,
were tested with varying protocols. For the final staining protocol (Fig. 10.3),
the element lead (Z = 82) was used. Here, the staining process consists
of two steps (Fig. 10.3 a), as the hematein-lead(II) complex is built in-situ
(Fig. 10.3 b). In analogy to the eosin protocol, different concentrations of the
hematein-lead(II) complex were tested and the maximal achievable2 concen-

1Mouse organs treated with the histological eosin solution, “Mayer’s hematoxylin”, and
“Weigert’s iron hematoxylin” were imaged with microCT before and after staining, and
showed no visible contrast enhancement when compared to the unstained samples. Repre-
sentative data are shown in Section A.1.2 in the Supporting information.

2The concentration of the hematein-lead(II) complex is limited by the maximum solubility
of hematein in ethanol.
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Figure 10.3: Protocol and interaction of the hematein-based staining protocol for
X-ray imaging. (a) Individual steps involved including incubation and staining times.
(b) The positively charged hematein-lead(II) complex (blue), which is built in-situ in
the soft-tissue sample, is interacting with the negatively charged phosphate back-
bone of the DNA (orange) present in the cell nucleus. The selective interaction of
the hematein-lead(II) complex with the DNA is achieved by acidification of the soft
tissue during fixation or before staining and allows for a higher accumulation of the
hematein-lead(II) complex within the cell nuclei. Figure and caption adapted from
[Müller, 2018].

tration was used for the final protocol. Furthermore, the preparation of the
soft tissue by acidification was applied again. In this case, protonation of the
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functional groups present within the cell cytoplasm, such as amino -, hydroxy
- or thiol groups, allows for the repulsion of the positively charged hematein-
lead(II) complex and optimal targeting of the cell nuclei. A more detailed
description of the hematein-based staining protocol for X-ray imaging can be
found in the methods section of this chapter and in [Müller, 2018].

In the following, we present microCT and nanoCT data from tissue samples
treated with the novel X-ray staining protocols and comparative analyses with
corresponding histological microscopy data. During the development and
optimization of the protocols, several mouse organs were measured as a
whole or as smaller tissue cubes with commercially available microCT de-
vices (Xradia Versa XRM-500 and Phoenix v|tome|x s 240) to evaluate struc-
tural preservation and to assess the staining quality. However, since the focus
of this chapter is on the application of nanoCT imaging for histology, only mi-
croCT data of the final protocol are shown to demonstrate the benefits and
limitations of both techniques. Afterwards, the results are discussed with the
focus on the benefits and limitations of nanoCT imaging for histological in-
vestigations. Finally, the used materials and methods are presented in detail.
Most of the presented results have already been published in [Busse, 2018;
Müller, 2018] or are prepared for publication [Busse, in prep.].
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10.2 Results

10.2.1 Eosin-based cytoplasm-specific X-ray stain

To demonstrate the feasibility of the novel cytoplasm-specific X-ray stain for
relatively large samples, the protocol was applied to a whole mouse kidney.
Overview CT scans of the same mouse kidney before and after staining were
performed with the microCT system Xradia Versa XRM-500 (Fig. 10.4). As
expected, no internal anatomical structures were visible in the unstained kid-
ney due to the weak attenuation properties of the soft tissue (Fig. 10.4 a).
On the other hand, the microCT scan of the stained kidney provided a clear
distinction of anatomical structural regions, such as cortex, inner and outer
medulla, papilla and renal pelvis (Fig. 10.4 b). The contrast enhancement in-
troduced by the staining can be observed quantitatively in the histograms of
the microCT images (Fig. 10.4 c, d). The peaks in the histograms correspond
to the present materials, namely, air (left peak), sample holder (center peak),
and soft tissue (right peak) in the sample, with gray values increasing from
the left to the right proportionally to the effective attenuation of the material.
While the gray value distributions for air and sample holder are very similar
for the unstained and stained case, the peak corresponding to the soft tissue
is broadened and shifted to higher gray values for the stained sample.

Performing a high-resolution local tomography microCT scan of the entire
kidney revealed an even more detailed view of the anatomical structures of
the mouse kidney without destruction of the whole organ (Fig. 10.5). How-
ever, the resolution achievable with this approach was not sufficient to re-
solve sub-cellular structures as necessary for histological investigations. To
overcome this limitation, different anatomical regions, such as the cortex and
the medulla region, were dissected from the stained kidney and subjected to
CPD. For each region, various samples with edge lengths ranging from 0.3 to
0.7 mm were prepared. Figure 10.6 and Figure 10.7 show orthogonal views
from representative samples of the outer medulla and cortex regions, each
acquired with a single nanoCT scan at a voxel size of 400 nm. In Figure 10.6,
we can clearly identify the thick ascending limbs of the loop of Henle, which
are tubular structures belonging to the collecting duct system of the kidney.
The strong absorption of the outer edges is caused by gold-coating of the
sample after CPD since this sample was prepared for further investigations
using scanning electron microscopy. Figure 10.7 shows the anatomical struc-
tures of the renal cortex, such as renal corpuscles and convoluted tubules.
The outer regions of this sample show areas with homogeneous gray values,
where no tissue structures can be identified. This is caused by a preparation
artifact, i.e., the glue used to mount the sample on the sample holder had
partially penetrated the dried sample.

To evaluate the quality of the nanoCT data from the stained samples,
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Figure 10.4: Comparison of microCT data and histogram distributions of the same
whole mouse kidney before and after staining with the eosin-based X-ray stain-
ing protocol. (a) CT slice showing a sagittal view of the unstained mouse kidney.
(b) CT slice showing a sagittal view of the mouse kidney after staining. The following
anatomic structural regions could be identified and were labeled in (b): cortex (I),
outer medulla (II) with further distinction in outer stripes of outer medulla (IIa) and
inner stripes of outer medulla (IIb), inner medulla (III), papilla (IV), and renal pelvis
(V). (c) Histogram of the CT slice shown in (a). (d) Histogram of the CT slice shown
in (b). Both datasets were acquired with the Xradia Versa XRM-500 using identical
acquisition parameters. The voxel size in both datasets is 12 µm. The gray-value
windowing of the individual images was adapted to make the images comparable.
Figure and caption adapted from [Busse, 2018].

we compared selected ROIs of the presented datasets to histological mi-
croscope slides from the very same mouse kidney (Figs. 10.8, 10.9). The
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Figure 10.5: MicroCT data from the whole mouse kidney treated with the eosin-
based X-ray staining protocol. (a) CT slice showing a frontal view of the stained
mouse kidney. The ROI for the local tomography is indicated by the blue box. (b) CT
slice from the local tomography measurement showing the following anatomic struc-
tural regions: cortex (I), outer medulla (II) with further distinction in outer stripes
of outer medulla (IIa) and inner stripes of outer medulla (IIb), inner medulla (III),
minor calyx (IV), and vessels (V, VI). Voxel sizes: 12 µm in (a), and 3.3 µm in (b).
The gray-value windowing of the individual images was adapted to make the images
comparable. Figure and caption adapted from [Busse, 2018].

nanoCT data of the medulla region (Fig. 10.8 a, b) compare already very well
with the corresponding histological slides (Fig. 10.8 e, f), which have been
directly prepared from the mouse kidney treated with the eosin-based X-ray
stain without further staining procedures. The same anatomical structures
can be identified, such as the previously mentioned thick ascending limbs of
the loop of Henle. However, the histological slides have a thickness of 7 µm,
whereas a single nanoCT slice corresponds to a thickness of 400 nm. Con-
sequently, the effectively displayed sample volume is considerably smaller
for the nanoCT slices making it difficult to identify small structures, such as
the cell nuclei, that are only partially contained within a single nanoCT slice.
To allow for a better comparison, we generated minimum projection slices
(Fig. 10.8 c, d) of the nanoCT data corresponding to a virtual slice thickness
of approximately 7 µm. These minimum projection slices reveal the cell nuclei
as non-attenuating area (dark dots), which is confirmed by the microscope
slides (Fig. 10.8 e, f), where the cell nuclei appear as non-stained white dots.
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20 µm 

50 µm 

Figure 10.6: NanoCT data from a CPD sample from the outer medulla region.
The mouse kidney was stained as a whole with the eosin-based protocol before
preparation of the CPD samples. CT slices showing a transverse (blue frame), frontal
(green frame) and sagittal (orange frame) plane illustrating the FOV for a single CT
measurement with 400 nm voxel size. The dashed lines indicate the position of the
other slices in the shown planes. The gray-value windowing was selected to optimize
the sample contrast and is identical for all slices.

To enable an even better comparison with the histological results and to
demonstrate the compatibility of the eosin-based X-ray staining protocol with
standard histological methods, the cell nuclei specific staining with Mayer’s
sour hematoxylin was applied to histological sections from the same region
as the previously shown slides. The eosin staining was not disturbed by this
counterstaining, resulting in standard H&E slides (Fig. 10.8 g, h), where the
cell nuclei appear purple. Following the same procedure, CT slices from
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50 µm 

Figure 10.7: NanoCT data from a CPD sample from the cortex region. The mouse
kidney was stained as a whole with the eosin-based protocol before preparation of
the CPD samples. CT slices showing a transverse (blue frame), frontal (green frame)
and sagittal (orange frame) plane illustrating the FOV for a single CT measurement
with 400 nm voxel size. The dashed lines indicate the position of the other slices in
the shown planes. The gray-value windowing was selected to optimize the sample
contrast and is identical for all slices.

the cortex region were compared to a corresponding H&E slide (Fig. 10.9)
showing a very good agreement and allowing the identification of important
anatomical structures in both imaging modalities.

To demonstrate the great potential of CT imaging for 3D visualization,
we generated representative volume renderings of the acquired CT data
(Fig. 10.10). The microCT data provide a three-dimensional overview of the
whole mouse kidney (Fig. 10.10 a) enabling the identification of anatomically
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Figure 10.8: Comparison of nanoCT data from the outer medulla region with his-
tological microscope slides. (a, b) CT slices with 400 nm voxel size showing detailed
structures of the thick ascending limbs of the loop of Henle. (c, d) Minimum intensity
projection slices of the same ROIs as shown in (a, b) with a virtual slice thickness
of 7 µm, which allows for clear visualization of the cell nuclei. (e, f) Representative
histological slides obtained from the same mouse kidney sample after staining and
embedding in a paraffin block. Displayed are thick ascending limbs of the loop of
Henle with clear visualization of cell nuclei. (g, h) Representative histological slides
prepared close to slides shown in (e) and (f) after counterstaining with hematoxylin
to highlight the cell nuclei in purple. All histological slides have a thickness of 7 µm.
Figure and caption adapted from [Busse, 2018].
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a) b) c)

20 µm 20 µm 20 µm 

Figure 10.9: Comparison of nanoCT data from the cortex region with histological
microscope slides. (a) CT slice with 400 nm voxel size showing detailed structures
of the cortex region: Renal corpuscle with glomerulus, Bowman’s capsule and renal
cortex with convoluted tubules. (b) Minimum projection slice of the same nanoCT
dataset shown in (a) with a virtual slice thickness of 7 µm. (c) Representative histo-
logical microscope slide from the same mouse kidney sample after counterstaining
with hematoxylin. The same structures are displayed. The histological slide has a
thickness 7 µm. Figure and caption adapted from [Busse, 2018].

interesting volumes of interest (VOIs), which can be further investigated non-
destructively by local tomography measurements (Fig. 10.10 b). On the other
hand, nanoCT data allow detailed insights into the three-dimensional tissue
architecture, as demonstrated for the thick ascending limbs of the loops of
Henle (Fig. 10.10 c).

As a first histopathological application, we investigated human kidney
samples from patients with renal cell carcinoma. This study is presented
in detail in [Busse, in prep.]. Here, we only show representative nanoCT data
from two of these samples to demonstrate the potential of nanoCT investiga-
tions for cancer research. The presented nanoCT data (Figs. 10.11, 10.12)
were recorded from samples taken from tissue surrounding the tumor show-
ing different level of disease. Figure 10.11 shows a region that is still mostly
unaffected by the neighboring carcinoma. While the displayed renal corpus-
cle (III; Fig. 10.11) could be assessed to be still healthy, the pathologist could
also identify a protein cylinder in a diseased distal tube (V; Fig. 10.11 a, c, d, e)
and a hemorrhage (VI; Fig. 10.11 b, d, e) close to the renal corpuscle indicat-
ing first signs of disease. The region displayed in Figure 10.12 already shows
multiple signs of tissue degradation. While there are still small areas of in-
tact proximal tubular tissue left (IV; Fig. 10.12), large parts of the specimen
are covered by inflammation and interstitial fibrosis (II; Fig. 10.12 a, b, d, e).
Furthermore, the glomerulus (V; Fig. 10.12 d, e) contained in this region is
fully degraded and there are several cystically dilated tubules with protein
cylinders (III; Fig. 10.12 a, b, d, e).
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Figure 10.10: Volume renderings of microCT and nanoCT data from the same
mouse kidney after staining with the eosin-based protocol. (a) Virtual sagittal section
through the whole mouse kidney acquired with a voxel size of 12 µm. (b) MicroCT
data showing the medulla region and a virtual section through a vessel. A local
tomography of the kidney was performed with a voxel size of 3.3 µm. (c) NanoCT
data with a voxel size of 400 nm visualizing the 3D structure of thick ascending limbs
of the loops of Henle. Figure and caption adapted from [Busse, 2018].
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Figure 10.11: NanoCT data from a healthy part of a human kidney showing first
signs of disease: proximal tubule (I), neck / 1st convoluted tubule (II), renal corpuscle
with Bowman’s capsule (III), afferent/efferent arteriole (IV), protein cylinder (diseased
distal tubule) (V) and hemorrhage (VI). (a) 3D rendering of a representative VOI of
250 µm x 250 µm x 135 µm. (b, c, d) CT slices from the frontal (b), sagittal (c) and
transverse (d) plane with a voxel size of 730 nm. The sample was treated with the
eosin-based X-ray stain. (e) Representative histological microscope slide from the
same sample after counterstaining with hematoxylin. Figure and caption adapted
from [Busse, in prep.].
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Figure 10.12: NanoCT data from a part of a human kidney showing transition
into tumorous tissue: blood vessel (I), inflammation and interstitial fibrosis (II), cys-
tically dilated tubule with protein cylinder (III), healthy proximal tubule (IV) and de-
graded renal corpuscle (V). (a) 3D rendering of a representative VOI of 250 µm
x 250 µm x 135 µm. (b, c, d) CT slices from the frontal (b), sagittal (c) and transverse
(d) plane with a voxel size of 730 nm. The sample was treated with the eosin-based
X-ray stain. (e) Representative histological microscope slide from the same sample
after counterstaining with hematoxylin. Figure and caption adapted from [Busse, in
prep.].
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10.2.2 Hematein-based nuclei-specific X-ray stain

For the final hematein-based staining protocol, microCT was used to demon-
strate the overall contrast enhancement in large, dense soft-tissue samples,
e.g., a liver lobule from a mouse (Fig. 10.13). While the unstained sample
(Fig. 10.13 a) does not show any internal details, anatomical structures, such
as the vasculature, can be identified in the stained sample (Fig. 10.13 b).
However, the local microCT measurement of the liver lobule (Fig. 10.13 c)
does not provide a sufficient image quality to clearly visualize cell nuclei and
analyze the nucleus-specific staining properties of the various tested proto-
cols. Consequently, small CPD samples were prepared from mouse liver
tissue stained with different protocols and subsequently investigated with the
nanoCT. As the liver is one of the most densely packed organs and at the
same time very homogeneous, the ROIs were chosen randomly. In Fig-
ure 10.14, representative ROIs from samples treated with four different stain-
ing protocols are depicted showing clear differences in the individual staining
behavior. While the data from the samples 1, 3 and 4 (Fig. 10.14 a, c, d)
allow for a good distinction between stained soft-tissue structures and the
bile canalicular (BC) network of the liver (black appearing cavity-like struc-
tures), the cell nuclei are barely highlighted (Fig. 10.14 a, d) or not visible at
all (Fig. 10.14 c). On the other hand, the data of sample 2 (Fig. 10.14 b)
clearly highlight the cell nuclei as the structures with the strongest contrast
enhancement. Based on the results of this analysis, the protocol applied to
sample 2 was selected for further investigations.

A larger region of sample 2 was imaged again with a voxel size of 580 nm
and a representative VOI (Fig. 10.15 a) was selected for the following vi-
sualization and analysis. Two nanoCT slices oriented orthogonal to each
other (Fig. 10.15 b, c) were chosen for comparison to a histological micro-
scope slide prepared from the very same liver lobule without further staining
(Fig. 10.15 d). The cell nuclei of the hepatocytes as well as the cell nuclei of
other typical liver cell types, such as Kupffer cells and sinusoidal endothelial
cells (SECs), can be identified as white spots in the nanoCT slices and as
dark purple spots in the microscope slide. The cytoplasm is depicted as the
darker gray values in nanoCT data and lighter purple in the histological data.
Furthermore, the orientation of the BC network, which is formed by the hep-
atocytes can be observed. The nanoCT slice seen in Figure 10.15 b shows a
more horizontal arrangement, whereas a more vertical alignment is observed
in Figure 10.15 c. To showcase the compatibility of the developed hematein-
based staining protocol with standard histological methods, counterstaining
with eosin Y was applied to a histological microscope slide (Fig. 10.16 b) from
the same region as the slide depicted in Figure 10.16 a. Here, the cell nuclei
still appear purple in color demonstrating that the hematein staining was not
disturbed by the additional eosin staining that dyes the cytoplasm pink.
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Figure 10.13: Comparison of microCT data from the same mouse liver lobule be-
fore and after staining with the final hematein-based X-ray staining protocol. (a) CT
slice showing a sagittal view of the unstained liver lobule. (b) CT slice showing a
sagittal view of the stained liver lobule. Anatomical structures such as the vascula-
ture are visualized after staining. (c) CT slice from local tomography measurement
of the stained lobule showing a magnified ROI. Voxel sizes: 13.5 µm in (a, b), and
1.9 µm in (c). The gray-value windowing of the individual images was adapted to
make the images comparable. Panels (a) and (b) are adapted from [Müller, 2018].
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a) b)

c) d)
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Figure 10.14: NanoCT data from CPD liver pieces that were cut from mouse liver
lobules treated with different hematein-based staining protocols. Each image repre-
sents a square-shaped ROI with an edge-length of approximately 200 µm. (a) Sam-
ple 1: Lead (II) acetate and hematein solution were mixed first and then applied to
the sample. Voxel size: 540 nm. (b) Sample 2: First stained with lead (II) acetate
solution, subsequently hematein solution was added to the same container. Voxel
size: 580 nm. (c) Sample 3: First stained with lead (II) acetate solution, subsequently
washed and placed into a new container with hematein solution. Voxel size: 540 nm.
(d) Sample 4: First stained with gadolinium chloride (GdCl3), subsequently hematein
solution was added to the same container. Voxel size: 730 nm. The gray-value win-
dowing of the individual images was adapted to make the images comparable. More
information about the exact staining protocols can be found in Section 10.4.4.
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Figure 10.15: NanoCT data (a – c) in comparison with a histological microscope
slide (d) derived from the same mouse liver lobule after application of the hematein-
based staining protocol without further staining. The larger hepatocyte cell nuclei
and the smaller cell nuclei, such as Kupffer cells and sinusoidal endothelial cells,
are clearly visualized in white (a – c) or dark purple (d). The bile canalicular network
is displayed in black (a – c) or white (d). (a) VOI highlighting the two nanoCT slices
shown in (b, blue frame) and (c, orange frame). (b, c) Representative individual
nanoCT slices as indicated in the VOI in (a). (b) and (c) are positioned orthogonal to
each other. The orientation of the BC network, which is formed by the hepatocytes
is seen, i.e., a more horizontal arrangement is seen in (b) and a more vertical align-
ment in (c). The nanoCT slice thickness is 580 nm. (d) Representative histological
microscope slide with a thickness of 3 µm. Figure and caption adapted from [Müller,
2018].

182



10.2. RESULTS

20 µm

a) b)

20 µm

Figure 10.16: Demonstration of the compatibility of the developed hematein-based
X-ray staining method with conventional histology. (a) Representative histological
microscope slide with a thickness of 3 µm derived from the mouse liver lobule sample
treated with the final hematein-based X-ray staining protocol without further staining.
The larger hepatocyte cell nuclei and the smaller cell nuclei, such as Kupffer cells
and sinusoidal endothelial cells, are visualized in dark purple, and the bile canalicular
network is displayed in white. (b) Representative histological slide with a thickness
of 3 µm prepared from the same region as the slide in (a) after counterstaining with
eosin Y. The cell nuclei are shown in purple next to the cytoplasm in pink resulting in
a typical H&E stained microscope slide of a soft-tissue sample. Figure and caption
adapted from [Müller, 2018].

To analyze the 3D distribution of cell nuclei in the selected volume of in-
terest, we performed a segmentation based on attenuation values, size, and
shape of the tissue structures. This allowed for an efficient separation of the
cell nuclei from the surrounding tissue (Fig. 10.17 a). Quantitative morpho-
logical analyses of the segmented data further enabled the classification into
two types of cells, namely, hepatocytes and other cells, such as Kupffer cells
and SECs (Fig. 10.17 b–d, Table 10.1). We compared the total cell numbers
in our VOI to the results from a volume analysis based on data acquired us-
ing confocal laser scanning microscopy [Morales, 2015]. Here, we found that
both, the total number of cells, as well as the ratio of the cell types, agree
well with the values from literature (Table 10.1). To demonstrate the poten-
tial of nanoCT-based volume analysis to find particularly relevant subregions
in a sample, we subdivided our VOI into eight subcubes of approximately
(100 x 100 x 100) µm3 in size and determined the cell numbers for each cell
type and each subvolume (Table 10.1). The subcubes 2, 6, 7 and 8 contain
fewer cell nuclei compared to the other subcubes, since a portal vein, i.e.,
a structure that does not contain cell nuclei, is present in these subvolumes
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Figure 10.17: 3D visualization and analysis of the different cell nuclei present
within the mouse liver VOI. (a) 3D VOI showing the segmentation (inner volume
and segmented cross section of the cube surfaces) of all the cell nuclei from the
original gray value nanoCT data with the hepatocytes labeled in blue and the other
cells (containing Kupffer cells and sinusoidal endothelial cells) highlighted in orange.
(b) Entire segmentation (only inner volume without segmented cross section of the
cube surfaces) of the hepatocytes (shown in blue) and the other cells (shown in
orange). (c) 3D distribution of the hepatocytes within the VOI. (d) 3D distribution of all
other cell nuclei within VOI. For 3D analysis, the VOI has been compartmentalized in
eight subcubes, whereby each subcube is visualized by dotted lines and numbered
accordingly. Subcube one is highlighted in green for clarity. Figure and caption
adapted from [Müller, 2018].

but not shown for the sake of clear visualization of the nuclei distributions.
Moreover, we found a particularly strong deviation of the ratio of hepatocyte
cell nuclei to other cell nuclei for subcube 8.
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no. of no. of no. of % of
subcube hepatocytes other cells a all cells hepatocytes

1 178 82 260 68.5
2 112 90 202 55.4
3 172 53 225 76.4
4 165 81 246 67.1
5 170 100 270 63.0
6 113 91 204 55.4
7 88 82 170 51.8
8 41 111 152 27.0

total nanoCT b 1039 690 1729 60.1
total CLSM c 933 567 1500 62.2

Table 10.1: 3D VOI analyses of individual subcubes including comparison to 3D
microscopic data reported in scientific literature [Morales, 2015]. a Other cells such
as Kupffer cells and SECs. b A VOI of (200 x 200 x 200) µm3 was studied. c Morales-
Navarrete et al. investigated a VOI of (300 x 300 x 300) µm3. Cell numbers were
adapted to correspond to a VOI of (200 x 200 x 200) µm3. Table and caption adapted
from [Müller, 2018].
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10.3 Discussion

10.3.1 General aspects of the staining protocols and mi-
croCT imaging

From the presented microCT data of the mouse kidney and the liver lobule,
it is evident that the morphology throughout the organs is preserved well for
both protocols and the contrast enhancement by the staining is sufficiently
strong to identify relevant anatomical regions and structures of the organs
from microCT data (Figs. 10.4, 10.5, 10.13).

Moreover, the developed protocols allow for complete and homogeneous
staining of a whole mouse organ without creating diffusion artifacts, which
is a great benefit compared to currently available X-ray stains, such as PTA
or OsO4. The eosin-based protocol also enables a relatively fast staining of
large samples, especially when compared to PTA. While the duration of the
hematein-based staining protocol has been considerably improved during de-
velopment, it still takes more than a week for the entire procedure. Here, it
is difficult to compare the duration of the developed protocol to other X-ray
staining protocols, as none of the currently available stains are built in-situ
and are able to target specifically the nuclei of cells.

For both protocols, the soft-tissue samples prepared for microCT imag-
ing are suitable for further histological investigations, whereby the micro-
scope slides can be derived from the very same soft-tissue samples and
can be directly evaluated with an optical microscope without further staining
(Fig. 10.8 e f; Fig. 10.15 d). Although the concentrations of the used staining
solutions are much higher than the concentrations used in histology, the re-
sulting slides were of comparable quality to standard histological slides and
could be used to confirm the specific staining capability of both protocols.
Moreover, the staining does not hamper further histological treatment by the
pathologists, as demonstrated for counterstaining with Mayer’s sour hema-
toxylin in the case of the eosin-based staining (Fig. 10.8 g h; Fig. 10.9 c) and
counterstaining with eosin Y for the hematein-based staining (Fig. 10.16 b).
The full compatibility to histology is a great advantage over other X-ray stains,
as it allows multimodal imaging and direct correlation between optical mi-
croscopy and microCT data.

Furthermore, both protocols are simple to apply, and the required staining
agents are inexpensive and easily accessible. In particular, the eosin stain-
ing is non-toxic and unproblematical for the use in clinical routine. While the
lead(II) acetate used for hematein staining is generally toxic, it is still not as
hazardous as stains like OsO4 and can relatively easily be disposed of.

Conclusion: The developed protocols fulfill the aforementioned requirements
for X-ray stains suitable for histological investigations. They allow for fast
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screening of large samples by performing overview scans with a microCT
and the determination of regions of interest for further histological examina-
tions, e.g., pathological structures in a bulky biopsy sample can be identified
and localized in a volumetric dataset, and histological slides can be prepared
from the relevant regions only, consequently avoiding the time-consuming
preparation of histological slides of the entire sample. For the application as
an overview stain, the eosin-based protocol is clearly beneficial compared
to the hematein-based protocol, as it is much faster and non-toxic. On the
other hand, the results clearly showed the limitation of microCT imaging, i.e.,
the limited resolving power of microCT systems does not allow for soft-tissue
visualization with a comparable detail visibility as in standard histology.

10.3.2 NanoCT imaging for histological investigations

The nanoCT data from the mouse organs presented in this section were ac-
quired to evaluate the quality of the staining protocols on a sub-cellular level
and to perform comparative analyses with conventional two-dimensional his-
tology. So, in contrast to the results presented in Chapter 9, the focus here
was not on imaging of the entire sample, but rather on the high-resolution
screening of various samples to identify relevant ROIs for further investiga-
tions. We found that a voxel size of approximately 500 nm is ideal for this pur-
pose, as it provides resolutions comparable to conventional histology slides
while still offering a relative large FOV for a single nanoCT scan (Figs. 10.8,
10.9).

For the nanoCT investigations, we chose to prepare small tissue samples
by critical point drying, since this approach promised the best image quality
when compared to other preparation techniques (as already demonstrated
and discussed in Chapter 9). Although some of the presented data show
artifacts in the outer regions caused by gold-coating for SEM (Fig. 10.6) and
gluing of the sample to the sample holder (Fig. 10.7), the inner structures of
all specimens were preserved well enough to be used for further analyses.
So, in general, CPD is a suitable technique for the preparation of histologi-
cal soft-tissue samples for nanoCT imaging. However, this method impedes
the direct correlation of nanoCT data to histology, i.e., nanoCT imaging and
optical microscopy imaging of the very same sample region, as it is very dif-
ficult to apply the standard histological preparation steps to the small-sized
CPD samples after X-ray imaging. Consequently, the sample preparation
requires optimization for future investigations. One solution is to measure
larger CPD samples that can be rehydrated and histologically treated after-
wards. However, this might still decrease the quality of the resulting histolog-
ical microscope slides and might be a cumbersome procedure. A better so-
lution might be the development of a specifically tailored embedding protocol
that simultaneously allows for high-quality nanoCT imaging and histological
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investigations. Ideally, such a method includes the addition of external mark-
ers into the embedded sample, thereby creating a reliable external coordinate
system that facilitates the identification of the exact same ROI in both imag-
ing modalities. Alternatively, the incorporation of cryo-techniques commonly
used in electron microscopy [Adrian, 1984; Boyde, 1979] could be another
option, but the technical realization might be challenging. Furthermore, it is
not clear, whether the potential formation of ice crystals destroys the sample
morphology, and if the specimen can be thawed after CT imaging and used
for further histological investigations.

Even though a direct correlation was not possible with the applied sam-
ple preparation, the nanoCT data could still be used to evaluate the specific
staining properties of the protocols and for comparison to histology data from
similar regions of the same mouse organs. The results from the mouse kid-
ney demonstrate that the eosin staining causes a sufficiently high contrast
enhancement to visualize the same microscopic structures in both imaging
modalities with comparable image quality (Figs. 10.8, 10.9). As mentioned
above, the histological slides already show that the cytoplasm-specific stain-
ing properties of the eosin stain generally remain intact. However, this does
not necessarily mean that the generated contrast is sufficiently strong for X-
ray imaging on a sub-cellular level3. Consequently, the indirect visualization
of the cell nuclei in the nanoCT data as non-attenuating area (Fig. 10.8 a – d;
Fig. 10.9 a, b), was necessary to proof the suitability of the eosin protocol as
an effective X-ray staining for structures ranging from the macroscopic to the
nanoscopic length scales.

While the eosin-based X-ray staining protocol is also a valuable tool as
an overview stain for macroscopic X-ray imaging, the primary purpose of
hematein staining is the visualization of microscopic structures, namely, the
cell nuclei. Consequently, nanoCT investigations were an essential step dur-
ing the development of the final hematein-based staining protocol. The data
from liver samples treated with different protocols (Fig. 10.14) were used to
directly asses the nucleus-specific staining properties in a time-efficient way,
and enabled the development of a first highly specific X-ray staining protocol
that allows the clear visualization and distinction of individual cell nuclei from
X-ray CT data (Fig. 10.15).

In summary, the presented nanoCT data demonstrated that both stain-
ing protocols were able to target and visualize a specific biological morphol-
ogy, namely, the cytoplasm for eosin staining and the cell nuclei for hematein
staining. In conventional histology, however, these stains are usually applied
together as H&E staining to achieve a strong differentiation between different

3This can be demonstrated by considering the application of the standard histological
eosin protocol to bulky soft-tissue samples. Here, the contrast would be sufficient for optical
microscopy, but the eosin concentration in the tissue would be too weak for good contrast in
X-ray imaging (see Section A.1.2 in the Supporting materials).
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tissue structures. While cytoplasm and nuclei of H&E-stained specimen ap-
pear in different colors in optical microscopy, a combined application of both
X-ray staining protocols would result in increased attenuation characteristics
of both target structures, thereby making it more difficult to distinguish be-
tween them in conventional X-ray CT data. This issue can be solved in the
future by using dual-energy or spectral CT imaging [Alvarez, 1976; Boussel,
2014; Ehn, 2016], which allows for the differentiation of two or more materials
in a specimen by exploiting the energy dependency of the linear attenuation
coefficients. Consequently, by measuring an H&E-stained sample at different
X-ray energies, it is possible to subdivide the generated CT data into the con-
tributions of the hematein stain (mainly based on the attenuation coefficient
of lead) and the eosin stain (mainly based on the attenuation coefficient of
bromine). Using a suitable visualization method, e.g., a color map that dis-
plays the hematein contribution in purple shades and the eosin contribution
in shades of pink, virtual nanoCT slices with similar image content as micro-
scopic H&E slides might become available.

NanoCT allows for imaging of volumetric soft-tissue samples with a con-
trast and resolution comparable to conventional histological data. This en-
ables non-destructive generation of virtual slices with arbitrary orientations
(Fig. 10.8 a – d; Fig. 10.9 a, b; Fig. 10.15 b, c), which is a great advantage over
conventional histology methods, where the orientation of the slides is prede-
termined by the embedding of the samples, which determines the plane dur-
ing the cutting process. Consequently, nanoCT imaging can support pathol-
ogists with any desired perspective of a biopsy sample, which can reveal
additional information relevant for diagnosis. For instance, the orientation of
the BC network in the liver lobule could only be observed by looking at or-
thogonal nanoCT slices of the same tissue piece, which is not possible with
standard histology slides. Moreover, given that a suitable sample embedding
protocol will be developed in the future, a pathologist will be able to deter-
mine the ideal orientation of histological sections in nanoCT data before cut-
ting with the microtome, thereby making the subsequent investigations more
time-efficient.

One of the most important benefits of nanoCT imaging compared to con-
ventional histology is the fact that the volumetric nature of CT data allows
for straight-forward, artifact-free, 3D visualization of soft tissue (Fig. 10.10 c;
Fig. 10.15 a; Fig. 10.17) with isotropic resolutions in the nanometer range.
In contrast, histological section-based 3D reconstruction techniques or epis-
copic microscopy methods are complex, time-consuming procedures that are
susceptible to artifacts and result in datasets with non-isotropic resolutions.
Therefore, nanoCT imaging enables novel insights into tissue structure and
the application of volumetric analysis methods that cannot be used with 2D
imaging methods.

The results from human kidney samples from a patient with renal cell car-
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cinoma (Figs. 10.11, 10.12) demonstrated that nanoCT imaging combined
with eosin staining allows the differentiation between surrounding and can-
cerous tissue, and the visualization of crucial indicators for disease in 3D. In
the future, this may help the pathologist to classify, stage and grade tumors,
and to improve the general understanding of tumorigenesis. A detailed dis-
cussion of this study can be found in [Busse, in prep.]. Another particularly
interesting application for nanoCT imaging with eosin staining might be the
3D visualization and analysis of irregularities in any kind of tubular network
since these structures are difficult and time-consuming to analyze with 2D
methods. For instance, the identification of hematoma in vascular systems is
essential for the diagnosis of various diseases.

As the first application for quantitative volumetric analysis, we investigated
the cell nuclei distribution in a VOI of a liver lobule treated with the hematein-
based staining protocol (Fig. 10.17). Our results show that we can quan-
tify the number of cell nuclei and further distinguish between different cell
types. However, the segmentation and classification procedure was quite
time-consuming and still required several manual steps by the user. Once an
optimized segmentation and analysis pipeline has been developed a reliable,
fully-automated segmentation and classification of cell nuclei are rendered
possible, allowing for spatial statistical analysis of relatively large tissue vol-
umes in an efficient, time-saving and non-destructive way. This may lead to a
better understanding of tissue organization, e.g., it can help to develop mod-
els of fluid exchange between blood and hepatocytes in the liver [Morales,
2015]. Moreover, such an analysis is not limited to liver tissue but can be
translated to any other soft-tissue type and organ. In the future, this will al-
low for the screening of relatively large samples for abnormalities in local cell
nuclei distribution, which should help to identify regions of inflammation or to
understand diseases, such as cancer, where abnormalities in local cell nuclei
distribution play a crucial role.

Conclusion: NanoCT imaging proved to be a valuable tool for demonstrating
the specific staining properties of the presented X-ray stains on a sub-cellular
level, thereby being essential for the development of the novel X-ray staining
protocols. The shown virtual slices of nanoCT data can provide comparable
information as histological microscope slides, but without physically cutting
the sample, thereby providing full flexibility with regards to the orientation of
the slices. Furthermore, nanoCT imaging provides additional 3D information
of soft-tissue samples that can improve the understanding of microscopic tis-
sue architecture and facilitate improved diagnosis in histopathology.
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10.4 Methods

The majority of the following methodological descriptions were adapted from
[Busse, 2018] and [Müller, 2018].

10.4.1 Animals used

Animal housing was carried out at the Klinikum rechts der Isar, Technical Uni-
versity of Munich in conformity with the European Union guidelines 2010/63.
Organ removal was approved by an internal animal protection committee of
the Center for Preclinical Research of Klinikum rechts der Isar, Munich, Ger-
many (internal reference number 4-005-09). All procedures were in accor-
dance with the relevant national and institutional guidelines and regulations.
All laboratories were inspected for agreement with the Organisation for Eco-
nomic Co-operation and Development (OECD) principles of good laboratory
practice. Mouse organs were used for the development of the staining pro-
tocols and the optimization of the respective parameters. We prepared a
whole mouse kidney using the final version of the eosin staining procedure
and a whole mouse liver lobule using the final version of the hematein stain-
ing procedure. The soft-tissue samples were then used to evaluate structural
preservation and to assess staining quality, identify morphological structures,
compare with conventional histological methods, and evaluate for further his-
tological staining. The steps described in this paragraph were performed by
Melanie A. Kimm and Madleen Busse. Parts of this paragraph are literally
adapted from [Busse, 2018; Müller, 2018].

10.4.2 Patient information

The human kidney samples were retrieved from a male, 49 years old pa-
tient with a partial kidney resection (upper pole resection) on the right and
moderately differentiated clear cell renal cell carcinoma of a maximum size
of 6.5 cm. More information about the patient, the ethical statements and
further methodological details about this study will be published in [Busse, in
prep.].

10.4.3 Eosin-based staining protocol

The mouse organ was removed post-mortem and immediately placed in a
50-ml Falcon centrifuge tube (neoLab, Heidelberg, Germany), which was
filled with a fixative solution containing 9.5 ml of 4 % (vol/vol) formaldehyde
solution (FA, derived from a 37 % acid-free FA solution stabilized with ≈10 %
methanol; Carl Roth, Karlsruhe, Germany. Further dilution with Dulbecco’s
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phosphate-buffered saline [DPBS; Thermo Fischer Scientific, Hillsboro, OR,
USA] without calcium and magnesium.) and 0.5 ml glacial acetic acid (Alfa
Aesar, Thermo Fischer Scientific, Hillsboro, OR, USA). The sample was re-
frigerated for 24 – 72 h and then washed with DPBS without calcium and mag-
nesium for 1 h. The mouse organ was placed in the staining solution of eosin
Y (30 % [wt/vol] in distilled water; Sigma-Aldrich, St. Louis, MO, USA). The
soft-tissue sample was stained with 2 ml of staining solution for 24 h while it
was moving freely within the sample container. During the incubation time,
the soft-tissue sample was kept on a horizontal shaking plate allowing for a
smooth rocking of 60 rpm. After staining, the soft-tissue sample was carefully
removed from the sample container and excess staining agent was gently
patted with a cellulose tissue paper. The soft-tissue sample was stored in
an Eppendorf tube in an ethanol vapor phase (the Eppendorf tube contained
a few drops of 70 % [vol/vol] ethanol at the bottom of the tube). The steps
described in this paragraph were performed by Madleen Busse. Parts of this
paragraph are literally adapted from [Busse, 2018].

10.4.4 Hematein-based staining protocols

Preparation of staining solutions for final hematein-based staining pro-
tocol

Staining Solution (A): Hematoxylin (25 g, 82.7 mmol; Sigma-Aldrich, St.
Louis, MO, USA) was dissolved in 250 ml absolute ethanol (10 % [w/v],
c = 0.333 M, Sigma-Aldrich, St. Louis, MO, USA;). During dissolving, the
reaction flask was kept in a water bath and the temperature was set to 56 ◦C.
The reaction mixture was kept stirring for one month under ambient labora-
tory conditions to allow the oxidation of hematoxylin to hematein. The ripened
hematein solution was kept in the dark for up to one year past preparation in
an air-tight container.
Staining Solution (B): Lead(II) acetate trihydrate (3,7896 g, 9.99 mmol;
Merck Millipore, Merck, Darmstadt, Germany) was dissolved in 15 ml dis-
tilled water to yield an aqueous lead(II) acetate solution (c = 0.666 M). The
solution was prepared fresh for each experiment and was used maximum up
to 4 weeks past preparation.

The steps described in this paragraph were performed by Madleen Busse.
Parts of this paragraph are literally adapted from [Müller, 2018].

Final hematein-based staining protocol (as used for sample 2 in Fig-
ure 10.14)

The mouse organ was removed post-mortem and fixed as described in Sub-
section 10.4.3. The soft-tissue sample was stained with 3 ml of staining solu-
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tion (B) for 72 h while it was moving freely within the sample container. During
the incubation time, the soft-tissue sample was kept in the dark and on a hor-
izontal shaking plate allowing for a smooth rocking of 60 rpm. After the first
staining step, the soft-tissue sample was carefully removed and placed for a
short time period in an Eppendorf tube in an ethanol vapor phase to keep
the sample moist. 3 ml of staining solution (A) were added to the sample
container holding staining solution (B), followed by thorough stirring of the
reaction mixture. Immediate color change to deep purple upon addition of
staining solution (A) was observed. The soft-tissue sample was placed back
into the sample container and incubated for further 72 h. During the incuba-
tion time, the soft-tissue sample was kept in the dark on a horizontal shaking
plate allowing for a smooth rocking of 60 rpm. After staining, the soft-tissue
sample was carefully removed from the sample container and excess stain-
ing agent was gently patted with a cellulose tissue paper. The soft-tissue
sample was washed with 6 ml tap water (washing solution was changed ev-
ery hour for the first 5 hours) and kept overnight in the washing solution.
The soft-tissue sample was stored in an Eppendorf tube in an ethanol va-
por phase (70 % [v/v] ethanol). The steps described in this paragraph were
performed by Madleen Busse and Mark Müller. Parts of this paragraph are
literally adapted from [Müller, 2018].

Hematein-based staining protocol used for sample 1 in Figure 10.14.

The organ removal and fixation steps were identical to the final protocol. A
cuboidal soft-tissue sample with an edge length of 2 – 3 mm was cut with a
scalpel. The tissue cube was placed in a sample container (the soft-tissue
sample was moving freely within the sample container) covered with alu-
minum foil and holding 2 – 4 ml of the hematein-lead complex (staining so-
lution (A) and staining solution (B) were mixed before). The tissue sample
was kept for 6 days in the staining solution. During the incubation time, the
soft-tissue sample was kept in the dark and on a horizontal shaking plate
allowing for a smooth rocking of 60 rpm. The tissue sample was removed
with tweezers after 6 days of staining, and the residual staining solution was
carefully removed with a cellulose tissue paper. The soft-tissue sample was
stored in an Eppendorf tube in an ethanol vapor phase and was subjected
to critical point drying as described below. The steps described in this para-
graph were performed by Madleen Busse.

Hematein-based staining protocol used for sample 3 in Figure 10.14.

The organ removal and fixation steps were identical to the final protocol. A
cuboidal soft-tissue sample with an edge length of 2 – 3 mm was cut with a
scalpel. The tissue cube was placed in a sample container (the soft-tissue
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sample was moving freely within the sample container) with 2 – 4 ml of stain-
ing solution (B) and was kept there for 7 days. During the incubation time,
the soft-tissue sample was kept in the dark and on a horizontal shaking plate
allowing for a smooth rocking of 60 rpm. The tissue sample was removed
with tweezers after 1 week of staining, and the residual staining solution was
carefully removed with a cellulose tissue paper. Subsequently, the stained
tissue sample was washed with distilled water (3 times in 3 ml for 5 min). In
a second staining step, the tissue sample was placed in a new sample con-
tainer holding 2 – 4 ml of staining solution (A). The tissue sample was kept
for 1 week in the staining solution, which was placed on a horizontal shak-
ing plate allowing for a smooth rocking of 60 rpm. The tissue sample was
removed with tweezers after 1 week of staining, and the residual staining
solution was again carefully removed with a cellulose tissue paper. The soft-
tissue sample was stored in an Eppendorf tube in an ethanol vapor phase
and was subjected to critical point drying as described below. The steps
described in this paragraph were performed by Madleen Busse.

Hematein-based staining protocol used for sample 4 in Figure 10.14.

The organ removal and fixation steps were identical to the final protocol. A
cuboidal soft-tissue sample with an edge length of 2 – 3 mm was cut with a
scalpel. The tissue cube was placed in a sample container (the soft-tissue
sample was moving freely within the sample container) with 2 – 4 ml of aque-
ous gadolinium(III) chloride solution (c = 0.666 M) and was kept there for 6
hours. During the incubation time, the soft-tissue sample was kept in the dark
and on a horizontal shaking plate allowing for a smooth rocking of 60 rpm. Af-
ter the first staining step, the soft-tissue sample was carefully removed and
placed for a short time in an Eppendorf tube in an ethanol vapor phase (70 %
[v/v]). 3 ml of staining solution (A) were added to the original sample con-
tainer, followed by thorough stirring of the reaction mixture. The soft-tissue
sample was placed back into the sample container and incubated for further
6 h. During the incubation time, the sample was kept in the dark and on a hor-
izontal shaking plate allowing for a smooth rocking of 60 rpm. The soft-tissue
sample was washed with 6 ml tap water (washing solution was changed ev-
ery hour for the first 5 hours) and kept overnight in the washing solution.
The soft-tissue sample was stored in an Eppendorf tube in an ethanol vapor
phase and was subjected to critical point drying as described below. The
steps described in this paragraph were performed by Madleen Busse.

10.4.5 X-ray microCT imaging

The stained mouse kidney and the liver lobule were each transferred to a
sample holder, which allows a stable imaging position of the mouse organ
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above 70 % (vol/vol) ethanol vapor. All presented microCT data were ac-
quired with the Xradia Versa XRM-500 (Carl Zeiss X-ray Microscopy (formerly
Xradia), Pleasanton, CA, USA) at 50 kV acceleration voltage and 3.5 W, with
1601 projections evenly distributed over 360 ◦. The low-resolution CT data of
the kidney (Fig. 10.4; Fig. 10.5 a) were acquired with the 0.39x objective and
an exposure time of 2 s per projection with an effective pixel size of 12 µm.
The low-resolution CT data of the liver lobule (Fig. 10.13 a, b) were also ac-
quired with the 0.39x objective and an exposure time of 2 s per projection
with an effective pixel size of 13.5 µm. The overview CT data were used to
identify the VOIs for the respective high-resolution CT scans, which were se-
lected using the integrated scout and scan software tool of the Xradia Versa
XRM-500. The high-resolution CT data of the kidney (Fig. 10.5 b) were ac-
quired with the 4x objective and an exposure time of 15 s per projection with
an effective pixel size of 3.3 µm, whereas the high-resolution data of the liver
lobule (Fig. 10.13 c) were acquired with the 4x objective and an exposure
time of 15 s per projection with an effective pixel size of 1.9 µm. The CT data
were reconstructed using the integrated software of the Xradia Versa XRM-
500. The volume renderings of the microCT data shown in Figure 10.10
were generated with Avizo Fire 8.1 (Thermo Fischer Scientific, Hillsboro, OR,
USA). The microCT measurements were performed by Madleen Busse and
Mark Müller, the renderings were generated by Mark Müller.

10.4.6 Sample preparation for nanoCT imaging

After microCT imaging, smaller samples obtained from the stained mouse
organs were dehydrated and critical point dried before nanoCT imaging. The
stained mouse kidney was cut into two halves along the longest axis. One
of the halves was further sectioned for nanoCT imaging. The two anatomical
regions of renal cortex and renal medulla were separated from each other
and cut into very small tissue pieces with edge lengths ranging from 0.3 to
0.7 mm. Similarly, a fifth of the stained mouse liver lobule was cut off and
further sectioned. The following steps were identical for kidney and liver sam-
ples. The dehydration incubations were performed for 1 h each. Before the
first dehydration step, the small pieces were transferred to a new Petri dish,
where they remained for all subsequent steps. The used concentrations for
the dehydration series were in % (vol/vol): 50, 60, 70, 80, 90, 96, and 100
ethanol balanced with distilled water. The dehydrated mouse tissue pieces
were then dried in a critical point dryer (CPD 030, Bal-Tec, Balzers, Liecht-
enstein) with CO2 as drying agent. The mouse tissue pieces were kept in a
silicon basket, which was placed in the vacuum chamber being half prefilled
with 100 % ethanol. After cooling to 6 – 8 ◦C, the chamber was filled up with
liquid CO2. While stirring, a waiting period of 3 min was given for mixing of the
two components before the chamber got partially drained until just the sam-
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ple holder was still covered. This procedure was repeated 10 times to ensure
complete replacement of ethanol with CO2 within the sample. After the final
filling of the chamber with CO2, the machine was heated to the critical point
of CO2 (31 ◦C and 73.8 bar) followed by very slow release of the gaseous
CO2 over a time of 30 min. The CPD mouse tissue pieces were stored in
a Petri dish kept in a desiccator before further use. The steps described in
this paragraph were performed by Madleen Busse, Mark Müller and Manuela
Huber. Parts of this paragraph are literally adapted from [Busse, 2018].

10.4.7 X-ray nanoCT imaging, processing and data analy-
sis

All data shown in this chapter were acquired at an acceleration voltage of
60 kV with 1599 projections evenly distributed over 360 ◦. All CT data were
processed with the background-intensity and dead-pixel correction (Sec. 7.1),
and the projection alignment algorithm (Sec. 7.4).

Samples treated with eosin-based staining

The presented nanoCT data from the mouse kidney (Figs. 10.6, 10.7, 10.8,
10.9, 10.10) were acquired at a voxel size of 400 nm. The exposure time per
image was 4 s and the total acquisition time per dataset was 3.5 h.

The nanoCT data from the human kidney (Figs. 10.11, 10.12) were ac-
quired with an exposure time of 2 s per image and a voxel size of 730 nm.

All projections were processed with 10 iterations of the RL deconvolution
algorithm. The kernel for the deconvolution was a rotationally symmetric
Gaussian function with a standard deviation of 1 pixel for the mouse kidney
data and a standard deviation of 0.5 pixel for the human kidney data. The
previously described phase-retrieval algorithm (Sec. 7.3) was applied to the
sharpened images using an effective wavelength that corresponds to 20 keV.
The chosen ratio of the attenuation and the phase coefficient was 500 for the
mouse kidney data and 300 for the human kidney data. For reconstruction,
the standard FBP algorithm was used. The shown minimum intensity projec-
tion slices were generated by calculating the minimum value for each pixel in
18 adjacent slices corresponding to a virtual thickness of≈7 µm. The volume
renderings of the nanoCT data were generated with Avizo Fire 8.1 (Thermo
Fischer Scientific, Hillsboro, OR, USA). The renderings of the human kidney
data were generated by Simone Ferstl. The other steps described in this
paragraph were performed by Mark Müller.
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Mouse liver pieces treated with hematein-based staining

The test samples (Sample 1 – 4 in Fig. 10.14) were all imaged with an ex-
posure time of 1 s per projection. The voxel sizes were 540 nm for sample
1 and 3, 580 nm for sample 2, and 730 nm for sample 4. The following pro-
cessing steps were identical for all four datasets to make the results more
easily comparable. The acquired projections were processed with RL de-
convolution with a rotationally symmetric Gaussian function with a standard
deviation of 1 pixel as deconvolution kernel and 10 iterations. Subsequently,
phase retrieval was applied with the ratio of the attenuation and the phase
coefficient being 300.

The liver sample treated with the final hematein-protocol and used for
the cell-nuclei analysis (Figs. 10.15, 10.17) was imaged by performing three
separate CT measurements at different vertical positions with a voxel size
of 580 nm and subsequently combining them to a single volume using the
stitching procedure described in Section 9.4.6. The exposure time per image
was 1 s and the total acquisition time per dataset was approximately 1.5 h.
No phase-retrieval or deconvolution steps were applied, and the data were
reconstructed with the standard FBP algorithm.

The segmentation and preclassification of the cell nuclei in the VOI of the
liver sample were performed using the interactive learning and segmenta-
tion toolkit ilastik 1.2.2 [Sommer, 2011]. For each of the three chosen object
classes, namely, the nuclei of the hepatocytes, the nuclei of the smaller cells
and the background, a small number of representative voxels were manually
selected in a few slices of the volumetric dataset. Subsequently, the clas-
sifiers were trained using different feature types of the objects, such as the
intensity, edges, and textures. Afterwards, all pixels of the VOI were automat-
ically classified into one of the three classes. To further improve the classifi-
cation results, a three-dimensional morphological classification with respect
to size and shape of the segmented nuclei was performed using Avizo Fire
8.1 (Thermo Fischer Scientific, Hillsboro, OR, USA). Finally, the volume ren-
derings were generated using Avizo Fire 8.1. The steps described in this
paragraph were performed by Mark Müller. A list of the detailed acquisition
parameters for all presented nanoCT measurements in this chapter can be
found in Table A.1.

10.4.8 Histological analysis

After microCT imaging, the stained mouse kidney was cut into two halves
along the sagittal axis and one half was used for further histological inves-
tigations. Similarly, the remaining liver lobule (after removal of a fifth of the
lobule for CPD) was used for histology. Before the first dehydration step,
both samples were transferred to new 50-ml Falcon centrifuge tubes (neoLab,
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Heidelberg, Germany), where they remained for all subsequent steps. The
mouse kidney was dehydrated in 70 % and 96 % ethanol twice for 1 h and was
cleared in xylol twice for 1 h, whereas the liver lobule was dehydrated in 50 %,
60 %, 70 %, and 96 % ethanol twice for 1 h and was cleared in xylol twice for
1 h. Subsequently, both samples were incubated overnight in paraffin wax at
50 ◦C to infiltrate the complete sample with wax and embedded in a paraf-
fin wax block. Sections of 7 µm thickness (for the mouse kidney) and 3 µm
thickness (for the human kidney and the murine liver lobule) were cut using
a microtome (Leica Biosystems, Nussloch, Germany). Sections were rehy-
drated and either directly embedded (Eukitt, Merck, Darmstadt, Germany) or
counterstained before the embedding. The sections of the murine and human
kidney samples were counterstained for 6 min with Mayer’s sour hematoxylin
(Morphisto, Frankfurt, Germany) according to the manufacturer’s protocol.
The sections of the liver sample were counterstained for 5 min with eosin
Y solution (Morphisto, Frankfurt, Germany) according to the manufacturer’s
protocol. Histological analysis was performed using an Axio Imager 2 micro-
scope and AxioVision Software (Zeiss, Oberkochen, Germany). The steps
described in this paragraph were performed by Melanie A. Kimm. Parts of
this paragraph are literally adapted from [Busse, 2018; Müller, 2018].
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Chapter 11

Summary and outlook

In the first part of this chapter, we give a brief overview of the setup design
and review the performance characteristics of the TUM NanoCT, followed
by a discussion about potential future improvements of the hardware and
software of our nanoCT system. In the second part, we first summarize the
general results and conclusions regarding nanoCT imaging of biological sam-
ples. Afterwards, we sum up the findings of the presented applications and
give an outlook on potential future studies in these research fields.

11.1 The TUM NanoCT

11.1.1 NanoCT system and data processing

The main components of the TUM NanoCT are a nanofocus X-ray tube, a
sample rotation stage, and a single-photon counting detector. The system
does not include any X-ray optics, and therefore is only based on geometrical
magnification, i.e., the sample is illuminated with a cone beam and magnified
projection images are recorded under varying projection angles. The mag-
nification factor is equal to the ratio between the source-to-detector distance
and the source-to-rotation-axis distance. The available effective voxel sizes
range from 50 nm to a few microns. The rotation stage and the detector are
mounted on motorized linear stages that enable translations along all three
Cartesian axes with micrometer precision. Furthermore, there are additional
stages mounted on the rotation stage to compensate displacements of the
specimen relative to the rotation axis. For more information, please see Sec-
tion 6.1.

The installed X-ray source (see Section 6.2) is a prototype nanofocus
transmission tube comprising a LaB6 cathode, an advanced electro-optical
system, and a thin tungsten transmission target on a diamond window. For
the measurements of this work, it was operated at 60 kV with 100 µA emis-
sion current. The tube allows for flexible focal spot sizes ranging from a few
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microns down to 200 – 300 nm. Furthermore, it features an autofocus routine
that enables the automated optimization of the shape and size of the X-ray
spot based on internal electron beam measurements.

The installed X-ray detector (see Section 6.3) is based on direct conver-
sion without scintillation processes. It comprises a 1-mm-thick silicon sensor
with an active area consisting of 1,475 x 195 square pixels with a side length
of 172 µm. The camera is operated in single-photon counting mode, i.e., it
only counts X-ray photons above a certain threshold energy. This enables
signal acquisition without readout and dark-current noise and can be used to
prevent charge sharing. The PSF of the detector can be approximated as a
2D box function with a FHWM of approximately 1 detector pixel.

The implemented processing framework (see Chapter 7) is used to gen-
erate high-quality 3D reconstructions from CT measurements with the TUM
NanoCT. The standard processing for raw data involves three steps, namely,
the correction of the background intensity and the dead pixels in the raw pro-
jections, the refinement of the projection alignment, and the tomographic re-
construction with an FBP algorithm. Depending on the results of the standard
processing, several optional steps can be applied to improve the image qual-
ity. The implemented phase-retrieval algorithm can be used to improve the
contrast and reduce edge-enhancement effects, whereas the RL deconvolu-
tion is applied to sharpen the images. Furthermore, two statistical iterative
tomographic reconstruction algorithms are available to improve the CNR and
the sharpness of the images.

11.1.2 Performance characteristics

The most important results of the characterization measurements of the TUM
NanoCT (mainly Chapter 8) are summarized in the following.

The effective spectrum of our system is a tungsten spectrum weighted
with the quantum efficiency of the Pilatus sensor and the air and sample at-
tenuation for a particular measurement. For typical acquisition and sample
parameters, the effective energy of the spectrum varies between 15 keV and
20 keV. The photon flux per pixel depends on various factors, such as the
source-to-detector distance, the threshold setting of the detector, and several
parameters of the X-ray tube. For high-resolution measurements, it is usually
in the order of several hundred photons per pixel per second.

The maximum sample size that can be imaged with the TUM NanoCT
depends on several factors, such as the properties of the sample and the re-
quired voxel size. For a single scan, the FOV of our system is approximately
1,400 voxels in the horizontal direction and 190 voxels in the vertical direc-
tion. The FOV can be extended in the vertical direction by acquiring multiple
scans at different vertical positions of the sample and combining them to a
larger volume. Furthermore, the setup also allows for high-resolution local
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tomography measurements of larger samples.
During data acquisition with the TUM NanoCT, no dark-current or readout

noise is introduced, and the noise distribution is given by Poisson statistics
only. This is especially important for high-resolution imaging with a low pho-
ton flux per pixel.

It was shown that the focal spot size of the NanoTube is sufficiently stable
over time to ensure a constant resolution during nanoCT measurements. The
positional errors introduced by undesired movements of the system compo-
nents are usually small enough to be compensated by the alignment algo-
rithm.

The PSF of the TUM NanoCT can be approximated as a radially symmet-
ric 2D Gaussian function. The achievable 3D resolution for typical soft-tissue
samples reaches 150 – 200 nm.

A comparative analysis with corresponding data from the commercial mi-
croCT system Xradia Versa XRM-500 demonstrated that the TUM NanoCT
can provide considerably higher spatial resolution and a superior image qual-
ity for low photon statistics. A literature review of other nanoCT systems indi-
cates that the TUM NanoCT can reach the highest 3D resolution among the
laboratory-based, lens-free nanoCT devices currently available. Significantly
higher resolution can be achieved by table-top devices based on X-ray optics
and by nanoCT beamlines at synchrotron facilities.

11.1.3 Potential future setup improvements

The nanoCT system in its current state proved to be a valuable tool for gen-
erating high-resolution 3D data for different applications. Nevertheless, there
is still much room for improvement and optimization of many aspects of the
TUM NanoCT and the associated processing framework. In the following, dif-
ferent suggestions to improve the performance of the system and to generally
broaden the range of applications are presented.

Hardware improvements

For high-resolution measurements with long source-to-detector distances,
the attenuation of the X-rays by air molecules leads to a hardened X-ray
spectrum and a significantly decreased X-ray flux. This situation may be im-
proved in the future by installing a helium or low-pressure vacuum chamber
that can be inserted in the beam for such measurements. This will lead to
considerably shorter exposure times and will improve the contrast due to the
softer spectrum.

The installed NanoTube offers the possibility to actively cool the target via
an additional cooling circuit to further improve the stability of the focal spot.
Unfortunately, the current construction of the TUM NanoCT does not offer
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the required space for the necessary additional tubing at the front end of the
source, and therefore, the target cooling is not implemented so far. Conse-
quently, for future upgrades of the system, the integration of this additional
feature should be considered.

The current solution for the cabling of the piezo stages that are rotated
with the sample stage caused undesired sample displacements during sev-
eral CT measurements. To prevent this in the future, it might be worth consid-
ering an upgrade to a slip-ring construction, as commonly used for human CT
devices. While such a construction is probably relatively costly, it will not only
improve the positional stability, but might also be more compact than the cur-
rent construction, and thereby might allow for the installation of the additional
tubing required for the dedicated cooling of the transmission target.

Software improvements

The current processing scheme involves several user decisions and interac-
tions, often over multiple iteration cycles. While this approach provides excel-
lent results for individual datasets, it is also very time-consuming. Therefore,
future improvements should aim at a more automatized processing scheme
with fewer user interactions, which would allow higher data throughput.

While the current phase-retrieval algorithm increases the soft-tissue con-
trast, it also introduces strong blurring in the resulting images, which is usually
partly compensated by applying a deconvolution algorithm beforehand. This
approach is quite cumbersome and not very efficient, as the effects of both
algorithms cancel out each other to a certain degree. Here, comparable or
even better results may be obtained more efficiently by using a SIR that mod-
els the propagation of the X-ray wavefield as well as the introduced blurring
by the imaging system.

The correction applied to the projections of a CT dataset to compensate
changes in the photon flux during the CT scan is currently based on the inten-
sity of the recorded images. Especially for local CT measurements, where the
sample covers the entire detector area, it may be beneficial to use a correc-
tion method based on the electron current on the transmission target, which
can be measured easily and reliably regardless of the sample size on the
detector.

Improvements that involve hardware and software developments

Samples that require a large FOV along the direction of the rotation axis are
currently imaged by acquiring several datasets at varying vertical sample po-
sitions. These datasets are processed and reconstructed individually and
subsequently merged into a single volume. The overall acquisition time for
such samples may be considerably decreased by using a spiral-CT acquisi-
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tion mode, i.e., the sample is not only rotated but also incrementally shifted
along the rotation axis during a CT measurement to increase the effectively
measured volume in vertical direction. The main challenge for the experi-
mental realization of such a spiral-CT mode with the TUM NanoCT may be
the required precise stepping along the rotation axis, since the current stage
used for vertical sample translation may not be accurate enough for this pur-
pose. Alternatively, the sample can be kept at a constant position and the
detector can be stepped in the vertical direction instead. In this case, the
precision of the current translation stage would be sufficiently high, but ad-
ditional difficulties may arise in the reconstruction of such data due to the
changing projection geometry. Furthermore, for both options, the additional
vertical movements may cause problems for the currently used projection
alignment algorithm. Consequently, the implementation of a spiral-CT mode
for the TUM NanoCT might require the development of dedicated projection
alignment and reconstruction methods.

A variety of new applications would arise from the ability to perform spec-
tral imaging techniques with the TUM NanoCT. This can be realized with
the current detector either by acquiring multiple measurements with varying
threshold settings or by using different acceleration voltages and/or filters.
Furthermore, it is generally possible to set the threshold for each pixel of
the Pilatus system individually, which allows one to generate a checkerboard
pattern of alternating pixels with high and low energy thresholds. While this
enables one to separate the signals from two different X-ray energy ranges in
a single measurement, this approach reduces the resolution and causes is-
sues in the image registration. Since the previously mentioned options either
require multiple measurements or are technically challenging to implement, it
might be more efficient to install an additional spectral detector, which allows
for the simultaneous acquisition of two or more signals from different energy
ranges in all pixels. Nowadays, there are a variety of methods for material
decomposition in spectral imaging available. Here, future studies should aim
at a comparison of different decomposition methods and the development of
an optimized approach for spectral imaging with the TUM NanoCT.

11.2 NanoCT for biological imaging

11.2.1 Sample preparation

For imaging of biological samples with the TUM NanoCT, a high spatial and
structural stability of the investigated specimen is required, i.e., the sample
must remain in a fixed position and cannot undergo any structural changes,
such as drying effects, during the measurements. Consequently, nanoCT in-
vestigations of freely swimming or fixed wet samples were not an option and
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other preparation methods were explored. Here, we found that critical point
drying (CPD) of our specimens was the most suitable among the approaches
that were tested.

The main benefits of CPD are that it preserves the morphology of biologi-
cal specimens well, ensures a high sample stability during the measurements
and provides an improved soft-tissue contrast compared to embedding tech-
niques. Furthermore, it proved to be fully compatible with the applied X-ray
staining methods.

A common problem with the CPD procedure is the introduction of shrink-
age artifacts. For the samples presented in this thesis, we did not observe
any such artifacts, which either means that the specimens did not shrink sig-
nificantly or that all structures shrunk proportionally without introducing no-
ticeable artifacts. Since the shrinkage effect of our specimens has not been
fully assessed yet, this should be further investigated in the future, especially
within the context of absolute size and volume measurements.

The major drawback of this method is that CPD samples provide very
limited options for subsequent preparation steps that would enable further
investigations with other imaging techniques. For instance, small CPD sam-
ples cannot be sectioned and investigated with conventional histological tech-
niques, which hampers the direct correlation of nanoCT data with histological
sections. This situation may be improved in the future by developing a specif-
ically tailored embedding protocol that simultaneously allows for high-quality
nanoCT imaging and histological investigations. In this case, it might be very
helpful to include external markers in the embedded sample, thereby creating
a reliable external coordinate system that facilitates the identification of the
same ROI in both imaging modalities.

Moreover, the incorporation of cryo-cooling may offer the possibility for
stable high-resolution nanoCT measurements without embedding or CPD.
However, the technical realization might not be straight-forward.

11.2.2 X-ray staining

Since the investigated soft-tissue samples have intrinsically weak attenua-
tion properties in the typical X-ray energy range of the TUM NanoCT, we
enhanced the contrast in these specimens by applying different X-ray stain-
ing techniques.

Here, we found that the common osmium tetroxyde is a feasible staining
agent for nanoCT imaging of soft-bodied invertebrates, as it provided a good
overview of the tissue morphology and allowed for the visualization of a wide
range of distinct structures, such as muscles or organs, in our specimens.
Major drawbacks of this method are the high toxicity of the agent, the limited
penetration depth and the fact that OsO4 colors the sample in dark shades of
gray or black, which hampers further imaging with optical microscopy meth-
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ods.
Furthermore, we developed and evaluated two novel tissue-specific X-ray

staining methods based on staining agents commonly used in conventional
histology.

The novel eosin-based X-ray stain specifically stains the proteins and pep-
tides in the cell cytoplasm and was mainly applied to kidney tissue samples.
Here, the morphology of the samples was well preserved and the generated
contrast enhancement enabled the identification of important anatomical re-
gions and structures in the kidney. Furthermore, the specific staining proper-
ties allowed for the indirect visualization of cell nuclei.

The novel hematein-based X-ray stain specifically stains the cell nuclei
and was mainly applied to liver tissue samples, where the morphology of the
samples was well preserved and the overall soft-tissue contrast was signifi-
cantly improved by the stain. In particular, it enabled the direct visualization
of cell nuclei of different cell types in the liver, which is not possible with any
other currently available X-ray stain.

Both protocols are simple to apply and allow for a complete and homoge-
neous staining of a whole mouse organ. Moreover, these protocols are fully
compatible with histology, i.e., microscope slides prepared from soft-tissue
samples treated with the new staining agents can either be directly evaluated
with an optical microscope without further staining or they can be further
treated histologically, e.g., by applying counter-staining. This is a great ad-
vantage over most other X-ray stains, as it allows multimodal imaging and
direct correlation between optical microscopy and X-ray CT data. Conse-
quently, both protocols are particularly suitable for histological investigations
by means of X-ray imaging. Here, future studies should aim at a combination
of both protocols, as this may provide a strong differentiation between differ-
ent tissue types in CT data, similar to the H&E staining used extensively in
optical histology.

The results presented in this thesis demonstrate that tissue-specific X-ray
staining offers a wide range of novel possibilities and applications for X-ray
imaging of soft tissues. Thus, the development of further tissue-specific tools
is anticipated, as it will strengthen the future application of nanoCT imaging
for modern clinical histopathological investigations.

11.2.3 Comparison with other imaging techniques applied
in biological research

To evaluate the results of the nanoCT measurements, we compared nanoCT
data to corresponding data from widely-used imaging techniques in the rele-
vant research field. The main conclusions of these comparative analyses are
briefly summarized in the following.

Scanning electron microscopy enables the imaging of the topology of a
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sample with a spatial resolution of a few nm. As this technique can achieve
significantly higher spatial resolution than the TUM NanoCT, it provides a
higher level of detail for the investigation of very small structures on the sur-
face of a sample. On the other hand, SEM is restricted to the visualization
of external features, while nanoCT imaging provides volumetric data that si-
multaneously allow the visualization of external and internal structures of a
specimen. A comparison of nanoCT and SEM data from a velvet worm limb
is shown in Chapter 9.

Confocal laser scanning microscopy enables the generation of 3D data
based on the fluorescence emission signal from the investigated sample. In
contrast to nanoCT data, the resolutions and voxel sizes in CLSM datasets
are usually non-isotropic, which hampers the visualization of arbitrary planes
and viewing angles. The resolution is limited to approximately 200 nm in the
lateral plane and 500 nm along the optical axis. By using specific fluorescent
markers, CSLM can visualize particular tissues and cell types without the
necessity of further image segmentation techniques, which is currently not
possible with the TUM NanoCT. The main drawback of CLSM is the require-
ment of physical sectioning for larger specimens, which not only destroys the
sample but can also cause severe artifacts in the resulting 3D reconstruc-
tions. A comparative analysis of nanoCT and CLSM data from velvet worm
legs is presented in Chapter 9.

Conventional histological investigations rely on optical microscopy imag-
ing of stained sections with a typical thickness of several micrometers. The
resulting 2D images can have a resolution down to several hundred nanome-
ters. The main advantage of this technique when compared to nanoCT imag-
ing is the large variety of available stains and dyes that allow the specific vi-
sualization of almost every cell and tissue type, whereas major drawbacks
are the limitation to 2D information and the destruction of the sample. A com-
prehensive comparison of conventional histological slices and corresponding
nanoCT data from different organs can be found in Chapter 10. More specific
benefits and drawbacks of nanoCT imaging for histological investigations are
discussed later in this chapter.

Serial block-face scanning electron microscopy allows for the generation
of 3D data with a spatial resolution down to several nanometers for compa-
rable sample sizes as investigated with the TUM NanoCT. Since we did not
perform a comparison of nanoCT data with corresponding SBF-SEM, this
might be an interesting task for future studies.

The major benefit of nanoCT, compared to other imaging techniques ap-
plied in biological research, is the possibility to generate high-resolution 3D
data of a sample in a non-destructive, efficient way, which enables the simul-
taneous investigation of the internal and external features based on a single
measurement.
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11.2.4 NanoCT imaging of soft-bodied invertebrates

In Chapter 9, we present nanoCT investigations of specimens from the inver-
tebrate groups Onychophora (velvet worms) and Tardigrada (water bears).
The selection of these particular samples was primarily motivated by the fact
that these groups are pivotal for the understanding of animal evolution.

The nanoCT measurements of a stained velvet worm leg provided a high-
resolution 3D dataset of an entire limb that enabled a detailed visualization
of its internal and external features. In particular, we were able to visualize
individual muscle fibers in 3D, which allowed, for the first time, the precise
reconstruction of the entire muscular system of the limb including 15 individ-
ual muscles. This provided new insights into the myoanatomy of the velvet
worm leg, e.g., we identified four muscles that had not yet been described in
the literature previously and found that the function of several muscles had
been misinterpreted in previous studies. Furthermore, this study improved
the overall understanding of the onychophoran locomotory system and the
general functional morphology of lobopods.

Future nanoCT studies may aim for comparable reconstructions of the
muscular system in legs of Arthropoda and Tardigrada. This would allow
for a comparison of the different locomotory systems of the three phyla and
would improve the general understanding of leg evolution in Panarthropoda.
Moreover, it would be very interesting to investigate other body parts of the
velvet worms using nanoCT, such as the slime papilla that is responsible for
the ejection of a slime secretion with remarkable material properties.

The nanoCT measurements of stained tardigrades allowed for the first
comprehensive, sectioning-artifact-free, isometric 3D visualization of an en-
tire water bear and its internal features. Our data revealed the overall struc-
ture and spatial relationships of all major organs and structures within the
body and enabled the direct measurement of their volumes without having to
rely on geometrical approximations. In particular, we were able to analyze
the spatial arrangement and size distribution of the so-called storage cells,
which play an essential role in the metabolism of tardigrades.

Future nanoCT studies of tardigrades may aim to image these animals in
their different cryptobiotic states and to investigate the morphological changes
of storage cells and other organs induced by the altered physiological pro-
cesses. It would be particularly interesting to investigate the formation of
so-called tuns, i.e., a form of cryptobiosis where the tardigrade loses most
of its water and becomes an immobile barrel-shaped tun with remarkable
properties, such as the resistance to extreme pressures, temperatures, and
radiation.

Our results demonstrate that nanoCT imaging combined with suitable X-
ray staining is a powerful tool for the investigation of small invertebrates that
enables novel insights into the 3D anatomy of these animals. The great
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majority of animal species in the world are invertebrates including insects,
crustaceans, snails, worms, sea stars, and other subgroups. Many of these
animals have a suitable size and tissue composition to be analyzed with the
TUM nanoCT. Furthermore, while most adult vertebrate species are too large
to be imaged as a whole with our system, the TUM NanoCT shows great
potential for the investigation of vertebrate embryos or specific body parts.
Consequently, there is basically an endless number of species from the ani-
mal kingdom and a wide range of associated applications that may profit from
nanoCT measurements.

Of particular interest may be the investigation of model organisms that
are extensively studied to understand particular biological phenomena, since
new insights into the anatomy of such organisms are often relevant to a rel-
atively broad scientific audience. For instance, it will be very interesting to
perform detailed investigations of zebrafish embryos with our system, as the
first nanoCT study [Ferstl, 2018] of such a specimen was followed with great
interest in the biological community due to its relevance in evolutionary re-
search.

11.2.5 NanoCT imaging for virtual histology

The majority of nanoCT measurements presented in Chapter 10 were per-
formed to demonstrate the potential of nanoCT imaging for histological inves-
tigations.

NanoCT data acquired from murine kidney samples, treated with the novel
eosin-based X-ray stain, allowed for the detailed visualization of the charac-
teristic anatomical structures of the kidney, such as the glomeruli and renal
tubules. Virtual slices of NanoCT data were able to provide a comparable
image quality as usually obtained for histological sections and allowed indi-
rect visualization of the cell nuclei as non-attenuating areas. Furthermore,
we were able to generate a high-resolution 3D rendering of a volume of inter-
est of the tubular network in the kidney, which demonstrated the potential of
nanoCT imaging for the investigation of three-dimensional tubular structures,
which are particularly difficult to investigate with 2D histology. First nanoCT
data from cancerous human kidney samples, treated with the eosin stain,
further demonstrated that this method allows for the distinction between can-
cerous and surrounding tissue and the 3D visualization of crucial disease
indicators.

NanoCT data from murine liver samples treated with different staining pro-
tocols were analyzed to develop the final version of the hematein-based X-ray
stain. The final protocol enabled the clear visualization and distinction of in-
dividual cell nuclei in our nanoCT data. In particular, we were able to analyze
the 3D distribution and shape of cell nuclei in a VOI of the liver, which further
allowed for the classification into two different cell types and the identification
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of specific subvolumes based on the spatial distribution of the different cell
types.

The combination of nanoCT imaging and suitable X-ray staining provided
3D data from volumetric soft-tissue samples with a comparable detail visi-
bility as seen in conventional histological sections. This allows for the non-
destructive generation of virtual slices with arbitrary orientations, which is a
great benefit over conventional histology, where the orientation of the slices is
predetermined by the embedding and cutting process. Additionally, it enables
the isometric 3D visualization of complex tissue architecture and the use of
volumetric analysis methods that are not applicable to 2D imaging methods.

Consequently, this technique has enormous potential for a broad range
of applications in histology and histopathology. For instance, the ability to in-
vestigate vascularization and cell nuclei distribution in tumorous tissues can
provide novel insights into tumorigenesis, rendering nanoCT imaging a pow-
erful new tool for cancer research.
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Appendix A

Supporting information

A.1 Supplementary data

A.1.1 Detector threshold analysis

The following measurements were performed to analyze the influence of the
detector threshold on the detected photon flux and the PSF of the X-ray cam-
era. We selected a series of 17 threshold values covering the full range
of available threshold energies of the used detector (2.7 – 18 keV). For each
threshold value and each of the source-to-detector distances, a set of 50 flat-
field images with an exposure time of 10 s per image was recorded. A ROI
of constant background intensity was selected for further analysis to mini-
mize the influence of the beam profile on the noise distribution. The mean
value of each ROI was determined, and the average value for each set of
flat fields was calculated to obtain a measure of the detected average photon
flux (Fig. A.1 a). Additionally, the 2D noise power spectrum of the ROI was
used to calculate the 2D PSF of the detector in a discrete representation. For
all presented measurements, the found PSF could be well represented by
an array of 3 x 3 pixels since the surrounding pixels did not contain relevant
intensity contributions. In the next step, we calculated the ratio between the
sum of intensities from the 8 pixels surrounding the center pixel and the total
intensity of all 9 pixels. This figure of merit, which gives the fraction of the
total incoming intensity that is detected in the 8 direct neighbors of the cen-
ter pixel, can be used to estimate the charge-sharing effect of the detector.
Finally, the values of the relative intensity spread averaged over 50 flat fields
were calculated for the different threshold values and source-to-detector dis-
tances (Fig. A.1 b).

In Figure A.1 a, both curves show a decrease in photon flux for increasing
threshold energies, which is particularly strong for threshold energies below
approximately 10 keV. Furthermore, the relative decrease in photon flux in
this range is significantly larger for the shorter source-to-detector distance.
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The strong decrease between 8 keV and 10 keV can be explained by the
strong emission lines of the effectively detected X-ray spectra for the respec-
tive settings (see Section 8.2.1). In contrast, the increase in intensity for
lower energies is mainly due to charge sharing, i.e., the detected intensity is
artificially increased by counting the same photon multiple times in neigh-
boring pixels. These additional counts contain no image information and
therefore decrease the image contrast. Figure A.1 b shows that the relative
signal spread is slightly above 20 % at the lowest threshold energy and de-
creases significantly for increasing threshold energies below approximately
10 keV. Here, a similar behavior is found for different source-to-detector dis-
tances. The presented results clearly show that it would be beneficial to
use a higher threshold than the currently used 2.7 keV. The data further indi-
cate that the threshold energy should be selected between 6 keV and 8 keV,
as this reduces charge sharing significantly, but still allows for the detection
of the majority of X-ray photons from the characteristic emission lines that
contribute strongly to the total intensity of the detected spectrum. However,
these results are preliminary, and further studies have to be performed to fully
characterize the influence of charge sharing on the performance of the TUM
NanoCT.

A.1.2 MicroCT data from murine organs stained with stan-
dard histological staining solutions

We performed overview microCT scans from mouse organs before and after
staining with standard histological staining solutions, namely, the standard
eosin solution, “Mayer’s hematoxylin” and “Weigert’s iron hematoxylin” in two
variations. The presented results (Figs. A.2, A.3) demonstrate that the treat-
ment of soft-tissue samples with the standard eosin and hematoxylin solu-
tions from histology does not provide any significant contrast enhancement
for X-ray imaging. Details about the used eosin staining protocol can be found
in [Busse, 2018], whereas detailed descriptions of the different hematoxylin
protocols are given in [Müller, 2018].
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Figure A.2: Comparison of microCT data and histogram distributions of a mouse
kidney before and after staining following the standard histological eosin protocol.
(a) CT slice showing a sagittal view of the unstained mouse kidney. (b) CT slice
showing a sagittal view of the same mouse kidney after staining. (c) Histogram of
CT slice shown in (a), and (d) Histogram of CT slice shown in (b). Both datasets were
acquired with the Xradia Versa XRM-500 using identical acquisition parameters. The
voxel size in both datasets is 18 µm. The gray-value windowing of the individual
images was adapted to make the images comparable. Figure and caption adapted
from [Busse, 2018].
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Figure A.3: Comparison of microCT data from mouse liver lobules before and
after staining following standard histological hematoxylin staining protocols. (a, b) CT
slices showing a transverse view of the same mouse liver lobule before (a) and
after (b) staining with hematoxylin according to Mayer. (c, d) CT slices showing a
transverse view of the same mouse liver lobule before (c) and after (d) staining with
hematoxylin according to Weigert. (e, f) CT slices showing a transverse view of the
same mouse liver lobule before (e) and after (f) staining with hematoxylin according
to Weigert following the stepwise approach of the developed hematein-based X-ray
stain. All datasets were acquired with the Xradia Versa XRM-500 using identical
acquisition parameters. The voxel size in all datasets is 14 µm. The gray-value
windowing of the individual images was adapted to make the images comparable.
Figure and caption adapted from [Müller, 2018].
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A.2 List of measurement parameters

In the table on the next page, the most relevant parameters for all experi-
ments with the TUM NanoCT are listed.

The first three parameters, namely, the grid voltage, the electron current
on the transmission current and the electron spot size provide information
about the configuration of the NanoTube and the state of the cathode during
the respective experiment. For all measurements, the size and shape of the
electron spot on the transmission target were optimized and quantified with
the autofocus routine. Since the electron spot was approximately symmetric
for all presented measurements, only a single value for the FWHM is given.
The acceleration voltage for all measurements was 60 kV and the emission
current 100 µA.

The next four columns present acquisition parameters of the TUM NanoCT.
For all CT measurements, 1599 projections evenly distributed over 360 ◦ were
recorded. The exposure time always refers to the exposure time of a single
image. For CT data, the source-to-center distance is equal to the source-
to-rotation distance, whereas, for projection measurements, this parameter
describes the distance from the source to the center of the sample on the
optical axis.

The last column provides links to the figures visualizing the data of the
respective measurement.
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LaB6 lanthanum hexaboride, page 10.

BC bile canalicular (network), page 179.

CLSM confocal laser scanning microscopy, page 144.

CNR contrast-to-noise ratio, page 78.
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CT computed tomography, page 39.

DPBS Dulbecco’s phosphate-buffered saline, page 192.

ESF edge spread function, page 37.

FBP filtered backprojection, page 42.

FIB-SEM focused ion beam scanning electron microscopy, page 145.
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ICRU International Commission on Radiation Units and Measurements,
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SEC sinusoidal endothelial cell, page 179.

SEM scanning electron microscopy, page 143.

SIR statistical iterative reconstruction, page 42.
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TEM transmission electron microscopy, page 145.
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