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Abstract

Detailed imaging of biological samples is central to different fields of re-
search, as well as for clinical pathology. Classical histology, using light- or
electron microscopy, can generate high-resolution images but is destruc-
tive and only gives two-dimensional information. With virtual histology, a
three-dimensional reconstruction of the sample is instead generated, which
can be virtually sectioned in arbitrary directions. This Thesis presents de-
velopments of x-ray phase-contrast computed tomography (CT) as a tool for
virtual histological analysis. In particular, the focus is imaging with labora-
tory systems as opposed to at large-scale synchrotron facilities, and using
phase-contrast imaging as an alternative to chemical contrast agents.

A broad range of imaging applications are demonstrated, fromarchaeol-
ogy to clinical pathology, where acquisition and data processing have been
optimised for each sample. A micro-CT system based on a liquid-metal-
jet x-ray source was used for imaging centimetre-sized samples. Three-
dimensional imaging of mummified remains was demonstrated, with suffi-
cient contrast and resolutionwithin the soft tissue to capturemicroanatom-
ical details; blood vessels, skin layers, fingerprints and remains of adipose
cells were visualised in the hand of an ancient Egyptian mummy. Virtual
histology was also performed on paraffin-embedded excised tumours for
analysis of the resectionmargin, and on rat bones for mapping the vascular
canals.

For imaging with micrometre resolution, a nano-CT system was built
and characterised. Photoreceptor imaging in unstained compound eyes of
bumblebees was demonstrated, and light- and electron microscopy were
used to verify the results. Comparisons with conventional attenuation
micro-CT and synchrotron radiation tomography, with both unstained and
stained samples, showed the advantage of using phase contrast instead of
staining the samples.
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Sammanfattning

Detaljerad avbildning av biologiska prover är viktigt för olika forsknings-
områden såväl som för klinisk patologi. Klassisk histologi, genom ljus- eller
elektronmikroskopi, ger högupplösta bilder men är destruktiv och kan en-
dast ge tvådimensionell information. Med virtuell histologi genereras istäl-
let en tredimensionell rekonstruktion av provet, vilken kan analyseras ge-
nom snittning i godtyckliga riktningar. Den här Avhandlingen presenterar
vidareutvecklingar av faskontrast-baserad röntgentomografi (CT), som ett
verktyg för virtuell histologi. I synnerhet ligger fokus på avbildning med
labbaserade system, i motsats till storskaliga synkrotronljusanläggningar,
och på faskontrastavbildning som ett alternativ till kemiska kontrastmedel.

En bredd av olika tillämpningar presenteras, från arkeologi till klinisk
patologi, med datainsamling och databehandling anpassade för varje prov.
Ett mikro-CT-system baserat på en metallstråle-röntgenkälla användes för
avbildning av centimeterstora prover. Tredimensionell avbildning av mu-
mifierade kvarlevor demonstrerades, med tillräcklig kontrast och upplös-
ning imjukvävnader för att fångamikroanatomiska detaljer; blodkärl, hud-
lager, fingeravtryck och rester av fettceller kunde visualiseras i en egyptisk
mumiehand. Virtuell histologi tillämpades också på paraffininbäddade tu-
mörer för analys av resektionsmarginal, och på råttben för avbildning av
vaskulära kanaler.

För avbildning med mikrometerupplösning byggdes ett nano-CT-
system. Efter karaktärisering av systemet demonstrerades avbildning av
fotoreceptorer i ofärgade facettögon från humlor. Ljus- och elektronmikro-
skopi användes för att verifiera resultaten. Jämförelser med konventionell
attenuationsbaserad mikro-CT samt synkrotronljustomografi, både med
ofärgade och färgade prover, visade på fördelarna med användning av
faskontrast istället för att färga proverna.
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Chapter 1

Introduction

In the late 19th century, a new kind of rays were discovered by accident as
Wilhelm Conrad Röntgen was experimenting with Crookes tubes [1]. The
rays had a unique ability to penetrate the human body, casting shadows of
hard and dense structures. With a ghostly image of the hand of his wife, de-
picting her bones and a ring on her finger, the news of “x-rays”, as Röntgen
named them, was spread across the world. X-ray imaging as a diagnostic
tool was immediately embraced and the techniques were rapidly developed
during the first years after its discovery. Radiography, or two-dimensional
(2D) imaging, has helpedmedical doctors formore than a century, to detect
fractures, as well as locating and removing foreign objects from patients.

Figure 1.1: X-ray transmission through 1 cm
of water at different energies.

At the time, the nature of x-
rays was unknown. Today we
know that the rays are in fact pho-
tons, just like visible light, but with
much higher energy (or, equiva-
lently, shorter wavelength). Where
visible light photons are absorbed
by an object, x-rays have a lower
probability to interact. The pene-
tration depth of x-rays depend on
their energy. Low-energy x-rays
are very easily absorbed and must
be propagated through vacuum when used for imaging, while higher-
energy x-rays can be propagated through air. The transmission of x-rays
through 1 cm of water is shown in Fig. 1.1.

Even though transmission is desired for imaging, lack of absorption in
the sample will lead to low contrast. Imagine that a single strand of hair is
to be imaged. The probability of x-rays being absorbed in the hair is so low
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that even ifwe disregard imperfections in the imaging equipment andnoise,
it would be difficult to tell the hair apart from the surrounding air based on
how much the x-rays are attenuated. In this Thesis, the amount of phase
shift the x-rays experience when passing through an object is considered
alongside attenuation. Phase-contrast imaging is especially useful when
imaging soft tissue, for example muscles, fat and blood vessels, where the
difference in x-ray absorption is low, and when high resolution is desired.

Two-dimensional x-ray imaging has many uses, but also limitations.
Since the output is a projection image, the signal from all structures in the
beam path are added on top of each other and all sense of depth is thus lost.
To overcome this, projection images can be acquired from many different
angles around the sample, and then reconstructed to a three-dimensional
(3D) image. Though the mathematical principle has been known since the
early 20th century, it was not implemented until Godfrey Hounsfield in-
vented the first machine for computerised axial tomography (CAT), today
better known as computed tomography (CT), in the 1970’s [2]. The CT
scanner of Hounsfield is the origin of modern CT scanners used clinically.
A rotating gantry holds the x-ray source and detector, and the patient lies
downon a bedwhich can bemoved to selectwhich part of the body to image.

In non-clinical CT, particularly micro- and nano-CT where the aim is
high resolution, the source and detector are often kept stationary while
the sample is rotated between frames. This imaging method, aimed at re-
search rather than clinics, was introduced in the 1980’s [3,4], and is a com-
monly used tool in modern biomedical research as well as material science.
Micrometre-resolution three-dimensional imaging provides an important
complement, and sometimes alternative, to classical histology, which re-
quires sectioning and staining of the sample before imaging with light- or
electron microscopy.

This Thesis focuses on virtual histology of biological specimens using x-
rays. In particular, the aim has been to further developmethods of imaging
samples close to their natural state (i.e. without any staining) and in a labo-
ratory setting (as opposed to at a large-scale facility). Chapter 2 gives a gen-
eral overview of classical and virtual histology. The physics of x-rays and
the theory behind x-ray imaging and tomography are presented in Chap-
ter 3. Different contrast mechanisms and their respective strengths and
weaknesses are discussed in Chapter 4, together with the imaging arrange-
ments for attenuation- and phase-contrast imaging. Chapter 5 introduces
the equipment, data acquisition and image processingmethods, and finally
some imaging applications are presented in Chapter 6.
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Chapter 2

Virtual histology

Detailed imaging of organic materials is crucial to biology, archaeology,
biomedical research and clinical pathology. This is preferably done in a
non-destructive manner, especially if i) the sample is fragile or valuable,
ii) volume data is needed, or iii) complementary imaging methods are to
be used after one another. The term histology means the study of the mi-
croscopic structures of biological tissues, and virtual that sectioning is not
performed on the sample, but on the acquired data. This Chapter intro-
duces how classical histology is performed, as well as the general principle
of x-ray virtual histology, and a brief overview of other histology methods.

2.1 Classical histological analysis

Central to clinical pathology and biomedical research is the ability to image
human and animal tissues in great detail. This is mostly done with lightmi-
croscopy (LM). The resolution when images are formed with light is highly
dependent on the wavelength used, according to Abbe’s theory of diffrac-
tion [5], as

𝑑 = 𝜆
2 ⋅ NA

, (2.1)

where 𝑑 is the smallest resolvable feature in a diffraction-limited system,
𝜆 is the wavelength and NA the numeric aperture of the microscope. The
numerical aperture is dependent on the medium in which the light travel,
and at the largest angle at which light is accepted. NA < 1 for standard
microscopes and around 1.5 for immersion microscopes. With green light,
say 𝜆 = 500 nm, the smallest resolvable feature is 𝑑 ≈ 250 nm.

In terms of resolution, light microscopy is well suited for histology,
where microanatomical structures and cells (which are 1-100 𝜇m) are
of interest. Two shortcomings of microscopy will be discussed here in
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turn. First of all, the depth-of-field is small, ranging from a few hundred
nanometres up to a fewmicrometres depending on the numerical aperture.
This means that the tissue has to be sectioned in thin slices before imaging,
and gives rise to the second problem: A slice of tissue that is only a few
micrometres thin will absorb very little of the incident light, making
contrast extremely low. To visualise the different structures, staining is
added to the slice.

Staining is a necessary step to enhance tissue contrast in light
microscopy, but can also be advantageous. Many stains are selective,
meaning that only certain features will be highlighted. One example is
the commonly used histochemical stain hematoxylin and eosin (H&E),
which stains cell nuclei blue (hematoxylin) and proteins, for example
the extracellular matrix and cytoplasm, pink (eosin) [6]. With Perls
Prussian Blue, iron deposits can be detected, and to visualise fibrous
tissue, for example van Giesson stain can be used, as it targets collagen
fibres [7]. There are also immunohistochemical stains, aimed for example
at measuring cell proliferation or presence of hormone receptors, by
detection of specific proteins.

Slicing and staining are themost important steps in the sample prepara-
tion for classical histology to be able to obtain an image, but they complicate
the handling of the sample quite a bit. Before slicing in few-micron-thin
sections, the tissue must be fixed, dehydrated and embedded, for example
in paraffin or resin [8].

The sample preparation for histology is not only destructive and pre-
vents further analysis by other methods, but it also limits the image data
to two dimensions, making it very important to choose the “right” orien-
tation when sectioning. It is, in theory, possible to reconstruct a 3D vol-
ume if the entire sample is imaged and the resulting 2D images are stacked
together. The resolution would be very high in two dimensions (around
250 nm in the transversal plane as discussed above), but vertically the res-
olution would be limited by the slice thickness (typically a fewmicrons). In
practice, this type of 3D reconstruction is rarely performed. First of all, it is
very time consuming to first section and stain an entire sample, then image
and align the resulting images to one stack. Second, slicing a piece of tissue
often causes deformation, which may not be uniform across all slices and
this will complicate stacking. Classical histology will thus be referred to as
a two-dimensional imaging method throughout this Thesis.

2.2 X-ray virtual histology

For virtual histology using x-rays (XVH), micro- or nano-CT is used, i.e.
computed tomography with micro- or nanometre resolution [9, 10]. The
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theory behind x-ray imaging and CT is presented in the next Chapter. The
aim is to get high-resolution volume data that can be analysed in a com-
puter, either viewed as a volume or “sliced” in arbitrary directions. Since
x-ray imaging is none-destructive, XVH can both be used for fragile sam-
ples where no destructive analysis is possible, or to be used complementary
to other methods.

The sample is imaged in a state as close to natural as possible; It should
be intact, as far as the geometry of the imaging systemallows. Possible sam-
ple sizes typically range from a few hundred micrometres up to a few cen-
timetres depending on the imaging system. Fresh samples can be formalin
fixed and also embedded if very high resolution is desired. Sometimes x-
ray staining is used, as will be discussed further in Chapter 4, but in this
Thesis, the aim has been phase-contrast imaging to avoid the use of stains.

The imaging procedure in phase-contrast XVH is as follows: Projection
images are acquired at many (1000-2000) different angles. The images are
preprocessed before combined to transversal slices through tomographic
reconstruction. Finally, the stack of images is put together to form a vol-
ume, which can either be rendered directly, labelled by segmentation of
features of interest, or virtually sliced in any direction. The XVH resolution
is isotropic, which simplifies the analysis.

While the resolution in x-ray imaging in theory can be very high, consid-
ering the short wavelength (𝜆 ≈ 1 Å), the imaging performance is in practice
highly dependent on the system used. Equipment such as x-ray source, de-
tector and the stages used to move the sample will be the limiting factors,
as further discussed in Chapters 3 and 5.

2.3 Other histology methods

There are multiple imaging methods beside x-ray virtual histology that can
be used for detailed imaging of tissue samples. Here, themost relevant ones
are summarised: Fluorescence microscopy, magnetic resonance imaging
(MRI) and stain-free histology aided by deep-learning algorithms.

2.3.1 Fluorescence microscopy

A lightmicroscopymethod able to provide volumetric data is confocal laser
scanningmicroscopy (CLSM), a fluorescence-based method often used for
cell imaging [11]. The sample is first stained with fluorophores which are
excited by a laser scanned across the specimen. With a pinhole, out-of-
focus light emitted from the fluorescent probe is blocked and thus imaging
can be done in one plane at the time. Transversal slices are then stacked
together to form a 3D image. To image a whole piece of tissue, clearing
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is required, a chemical process in which the goal is to match the refractive
indices of the components in the tissue to reduce scattering at interfaces [12,
13]. While CLSM gives high resolution (about 250 nm in-plane and 1 𝜇m
vertically), there are two main issues: i) The clearing process can be very
time consuming, and ii) the working distance of CLS microscopes is short,
which limits the vertical field-of-view.

2.3.2 Magnetic resonance imaging

One of the histology methods that can be used without first staining or
clearing the sample is micro-magnetic resonance imaging (𝜇MRI). Using
strong magnetic fields and radio frequency pulses, the spin of protons can
generate a radio signal, which is used to reconstruct transversal sections of
the sample. Since protons are present in all biological tissues as hydrogen
atoms, mainly in water and fat, no pre-processing of the sample is required
to achieve high-contrast volume images of soft tissue. By varying the acti-
vation of one of the magnetic fields and the probing radio frequency pulse,
different imaging modalities are available. The drawback with 𝜇MRI is the
low resolution. Systems showing sub-100 𝜇m resolution have been pre-
sented and proposed for clinical pathology [14], but the increase in signal
strength to scale up resolution requires very strong magnetic fields (7-11 T)
compared to current clinical MRI scanners (1.5-3 T).

2.3.3 Deep learning in histology

Finally, an interesting development of the classical histological analysis is
deep-learning-based virtual staining. A recent study suggests that deep
neural networks can be trained to virtually colour images of an unstained
sample, acquired with light microscopy [15]. If proven successful, this may
save some time and work by removing one step in the sample preparation
process for the clinical pathology, or several steps for the cases when mul-
tiple stainings are used.
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Chapter 3

X-ray theory

To dig deeper into the methods of x-ray virtual histology introduced in the
previous Chapter, a thorough understanding of x-rays is needed. An image
is formed by passing x-rays through a sample andmeasuring how the x-rays
interact with it. This Chapter covers the theory needed to understand x-
ray imaging: X-ray generation, interaction with matter and detection. The
equipment needed is briefly introduced. The theory behind tomographic
imaging, which is central to virtual histology, is also summarised, and fi-
nally some insights into the resolution of an imaging system are given.

3.1 X-ray generation

X-rays belong to the electromagnetic spectrum, with photon energies rang-
ing from about 0.1 to 100 keV as shown in Fig. 3.1. Even though x-rays
will mainly be described by their energy throughout this Thesis, the photon

Figure 3.1: The electromagnetic spectrum. Radiation in the hard x-ray range is
used throughout this thesis.
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energy 𝐸 is also related to frequency 𝑓 and wavelength 𝜆 through

𝐸 = ℎ𝑓 = ℎ𝑐
𝜆

. (3.1)

Here, ℎ is the Planck constant and 𝑐 the speed of light. Corresponding x-
ray wavelengths are in the order of 10 pm to 10 nm. The frequency range
(which for practical reasons is not commonly used for x-rays) is 30 PHz to
30EHz. Medium and hard x-rays, whichmeans x-rays with energies higher
than around 5 keV, is the focus of this Thesis.

For generating x-rays, electron-impact sources are the most commonly
used, and are standard in for example clinical CT scanners and micro-
and nano-CT systems. Some different anode designs are presented
in Section 3.1.1. Other kinds of x-ray sources are synchrotron light
sources and inverse-Compton sources, which are briefly introduced in
Sections 3.1.2 and 3.1.3.

3.1.1 Electron-impact sources

At their discovery, x-rayswere generated bybombarding ametal anodewith
electrons. This gives rise to x-rays in two different ways: Characteristic
line emission and bremsstrahlung. Line emission arises when an electron
ionises an atom in the anode by ejecting an inner-shell electron (shown in
Fig. 3.2(a)). An electron from an outer shell can fill the hole, emitting an
x-ray photon with energy corresponding to the difference in binding energy
between the shells. The emission energy is thus dependent on the element
of the anode. Depending onwhich electron that was ejected andwhich elec-
tron drops down to fill the gap, the characteristic line is labelled according
to the Siegbahn notation: Electron transition from shell L to K gives a K𝛼
peak, from M to K gives K𝛽 and so on [16].

The other way x-rays are generated with electron-impact sources is
through bremsstrahlung, which arises from interactions with the nucleus
as opposed to with the bound electrons. Figure 3.2(b) show this process
schematically. The electron is decelerated and forced to change direction
around the nucleus, upon which a broad spectrum of x-ray photons is
emitted in order to conserve total energy. The highest-energy photons
that present in bremsstrahlung are generated when the electron loses
all its kinetic energy upon deceleration. The acceleration voltage of the
electrons will thus set the maximum possible energy in the spectrum.
Figure 3.2(c) shows an example of a spectrum generated with a GaInSn
(Galinstan) liquid-metal-jet anode, with both characteristic emission and
bremsstrahlung.

In Fig. 3.3 some common anode designs are summarised. The classical
x-ray tube (Fig. 3.3(a)) consists of a solidmetal anode, made of, for example
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Figure 3.2: Generation of x-rays. (a) Characteristic line emission.
(b) Bremsstrahlung. (c) Spectrum from a GaInSn (Galinstan) liquid-metal-jet
anode, consisting of bremsstrahlung and characteristic line emission from gallium,
indium and tin.

tungsten, copper or molybdenum. Electrons are accelerated from a heated
cathode and focussed onto a small spot on the anode. A small x-ray emis-
sion spot is crucial for high-resolution imaging, as will be further explained
in Section 3.5. A transmission x-ray source, depicted in Fig. 3.3(b), has a
very thin solid anode onto which the electrons are focussed to give a spot
with a diameter in the sub-micron range. The NanoTube N1 is such an x-
ray source that has been used in this Thesis, and is further described in
Chapter 5.

Another important property of an x-ray source, which is related to the
spot size, is its brightness. Brightness is defined in photons/(s × mm2×
mrad2), or how many x-ray photons that are emitted per second, emission
spot area and solid angle, and a higher value is better. A small spot size
would thus ideally mean high brightness, but the number of photons also
decreases with a smaller spot, again decreasing the brightness.

So why not increase the power, i.e., send a higher current of electrons
onto the anode? The problem is that the vast majority of the power de-
posited in the anode does not generate x-rays, but simply raises its temper-
ature. Too high power load (measured in W/mm2) limits the output and
eventually melts the anode. The rotating anode (Fig. 3.3(c)) was invented
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Figure 3.3: Electron-impact anode designs. Blue beam depicts electrons and
purple x-rays. (a) Classical x-ray tube. (b) Transmission anode. (c) Rotating anode.
(d) Liquid-metal-jet anode.

to get around this − if the anode is rotating, the area heated up by the elec-
tron beam will constantly be moved out of the electron beam path, which
allows a higher power load [17]. Rotating anodes are found inmodern x-ray
tubes used clinically.

For microfocus x-ray sources, used for high-resolution imaging and
micro-CT, the requirements on the size of the emission spot are more
stringent. An emission spot in the order of a few tens of micrometres or
less means that the x-ray flux will be low, which results in long exposure
times. To enable an even higher power load than the rotating anode can
offer, a liquid-metal-jet anode can be used [18, 19]. Electrons are focussed
onto a thin metal jet, and even if the power is increased to a point where
the metal is heated up locally, the constant regeneration of the anode
prevents negative impact on the x-ray generation. The MetalJet D2 source
used in this Thesis has a liquid-metal-jet anode made of Galinstan, a metal
that is liquid at room temperature and whose spectrum can be seen in
Fig. 3.2.
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3.1.2 Synchrotron radiation facilities

If electrons are accelerated to relativistic speeds and forced in a curved
path by strong magnets, they will emit very bright, highly collimated ra-
diation [20]. This kind of radiation is produced at synchrotron facilities,
which are large-scale accelerators designed to generate electromagnetic ra-
diation of different energies. Electrons are accelerated and injected into a
storage ring, which can have a circumference of hundreds of metres, where
they are kept in place by strong magnetic fields. Radiation of different en-
ergies are outputted to the beamlines along the ring, by acceleration of the
electrons by bending magnets, or by insertion devices such as wigglers and
undulators [21]. The radiation produced is orders of magnitude brighter
than that of a laboratory source, but comes with the price of inaccessibility;
there are only about 70 acceleration light sources in the world [22], and be-
fore conducting any synchrotron radiation experiments, an application for
beamtime must be approved.

3.1.3 Inverse Compton sources

An x-ray source somewhere in between a synchrotron and a laboratory
source is the Compact Light Source (CLS) [23]. With an electron beam
interacting with a laser beam, x-rays are generated via inverse Compton
scattering, a process where electrons transfer some of their energy to the
laser photons, increasing their energy to the x-ray range. By changing the
electron energy, the energy of the x-rays can be tuned between 15 and
35 keV [24]. The Munich CLS has been used for different kinds of x-ray
imaging, as well as absorption spectroscopy and microbeam radiation
therapy [25].

3.2 X-ray interaction with matter

X-rays in the energy ranges relevant for the imaging in this Thesis have two
ways of interacting with matter: Absorption and scattering. Together they
contribute to the attenuation of the x-ray beam, which is quantified in the
linear attenuation coefficient 𝜇. A large 𝜇 means short x-ray penetration
depth. Elastic scattering in the forward direction also causes phase shift of
the x-ray beam, which is central to this Thesis.

3.2.1 Attenuation

Absorption occurs when an incoming x-ray photon interacts with a bound
electron, to which it transfers all of its energy and thus ejects it from the
atom. The interaction is known as photoelectric absorption and is depicted
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Figure 3.4: X-ray attenuation mechanisms. (a) Photoelectric absorption. The
photon transfers all of its energy to an electron, ionising the atom. (b) Inelastic scatter-
ing. The photon transfers part of its energy to an electron. The atom is ionised and a
new, lower-energy photon is ejected. (c) Elastic scattering. The photon interacts with
the whole electron cloud without transferring energy, giving it a slight change in direc-
tion but unchanged wavelength.

in Fig. 3.4(a). For this interaction to occur, the photon energy must be
larger than the binding energy of the target electron. The discontinuity in
the attenuation at an electron binding energy is known as an absorption
edge. The probability of photoelectric absorption decreases with increas-
ing energy 𝐸, and increases with atomic number 𝑍. At energies not in the
direct vicinity of the absorption edges, 𝜇abs ∝ 𝑍4/𝐸3 [26].

If only a part of the photon energy is transferred to a bound electron,
the x-ray photon is scattered at an angle to the original path, with a lower
energy. The scattering electron gains kinetic energy and is ejected from
the atom, as shown in Fig. 3.4(b). This is known as inelastic or Compton
scattering and is the most probable interaction at higher photon energies
(𝐸 > 25 keV).

An incident x-ray photon can also interact with a bound electron, or the
whole electron cloud of an atom, without transferring any energy (depicted
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Figure 3.5: Attenuation. (a) Linear attenuation coefficient of water at hard x-ray
energies (gray line). Contributions from photoelectric absorption (blue dashed line),
inelastic scattering (purple dotted line) and elastic scattering (turquoise dotted line)
are shown. Data from National Institute of Standards and Technology (NIST) [27] (b)
Lambert-Beer law.

in Fig. 3.4(c). In this interaction, the atom is not ionised but the photon
will change direction. The scattering is elastic. The probability of elastic
scattering increases linearly with the atomic number and is more likely at
lower energies; the attenuation coefficient is 𝜇elastic ∝ 𝑍/𝐸2. If the photon
is scattered by a single bound electron the process is known as Thomson or
Rayleigh scattering, depending on the energies involved [20]. The elastic
scattering in the forward direction gives rise to phase shift which will be
discussed in detail below.

The total attenuation

𝜇 = 𝜇abs + 𝜇inelastic + 𝜇elastic (3.2)

is the sum of absorption and scattering. This is plotted in Fig. 3.5(a) for wa-
ter at energies between 1 and 100 keV. Important for attenuation-contrast
imaging is the Lambert-Beer law,

𝐼(𝑥, 𝑦) = 𝐼0𝑒−𝜇𝑡(𝑥,𝑦), (3.3)

which describes the intensity 𝐼(𝑥, 𝑦) of an x-ray beam after travelling
through a homogeneous medium with thickness 𝑡(𝑥, 𝑦) and attenuation
coefficient 𝜇, if the incident radiation is of intensity 𝐼0 (geometry depicted
in Fig. 3.5(b)). The use of this will be discussed further in Chapter 4.
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3.2.2 Phase shift

Propagations of photons in the x-ray and extreme ultraviolet energies can
be described using a complex refractive index

𝑛 = 1 − 𝛿 + 𝑖𝛽 (3.4)

when entering an object [20]. The decrement 𝛿 of the real part of the re-
fractive index is responsible for phase shift, and the imaginary part 𝛽 for
attenuation. Both parameters are dependent on the material of the object
as well as the photon energy. The parameter 𝛿 is proportional to electron
density 𝜌𝑒, and to the inverse of the energy squared [28,29],

𝛿 ∝
𝜌𝑒

𝐸2 , (3.5)

and 𝛽 can be described through the total attenuation 𝜇, as

𝛽 = 𝜆
4𝜋

𝜇 = ℎ𝑐
4𝜋𝐸

𝜇. (3.6)

The phase shift of radiation passing through an object is directly related
to the parameter 𝛿, and thus proportional to the electron density of the ma-
terial. An object of thickness 𝑡(𝑥, 𝑦) will change the phase of the incident
radiation by

Δ𝜙(𝑥, 𝑦) = −2𝜋𝛿
𝜆

𝑡(𝑥, 𝑦). (3.7)

This change in phase can be used to gain image contrast in samples where
attenuation is low, as will be described in the next Chapter.

3.2.3 Wave propagation through matter

To better understand the effect of the complex refractive index, monochro-
matic x-ray radiation can be described as

𝑈(𝑧) = 𝑈0𝑒𝑖𝑘𝑛𝑧, (3.8)

which is a plane wave of amplitude 𝑈0 travelling in the 𝑧 direction in a
medium with refractive index 𝑛, where 𝑘 = 2𝜋/𝜆 is the wavenumber. Sub-
stituting Eq. (3.4) into (3.8) and taking the heterogeneity of the sample into
account gives the field

𝑈out(𝑥, 𝑦) = 𝑈0𝑒𝑖𝑘𝑧𝑒𝑖𝜙(𝑥,𝑦)𝑒−𝑎(𝑥,𝑦) (3.9)

exiting a sample. The first exponential corresponds to a plane wave in vac-
uum (𝑛 = 1), the second to a phase shift

𝜙(𝑥, 𝑦) = −𝑘 ∫ 𝛿(𝑥, 𝑦, 𝑧)𝑑𝑧 (3.10)
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Figure 3.6: Attenuation and phase shift. A wave passing through a material with
refractive index 𝑛 = 1 − 𝛿 + 𝑖𝛽 experiences a phase shift and attenuation compared to
the original wave (top).

(cf. Eq. (3.7)) and the third to amplitude attenuation

𝑎(𝑥, 𝑦) = 𝑘 ∫ 𝛽(𝑥, 𝑦, 𝑧)𝑑𝑧 = 1
2 ∫ 𝜇(𝑥, 𝑦, 𝑧)𝑑𝑧. (3.11)

The phase shift and attenuation are presented graphically in Fig. 3.6, and
in the next Chapter their uses in imaging are discussed.

3.3 Detectors

The last step of an x-ray imaging setup is detection of the radiation, and the
choice of detectorwill greatly affect the image quality. Important properties
are the quantum efficiency (QE), or the probability that an incident x-ray
photon is detected, and the point-spread function (PSF), or how large the
image of a perfect point source is. The QE relates to noise, and the PSF to
resolution [30].

In scintillator cameras, which are used here, there is a trade-off between
QE and PSF. Interactions between incident x-rays and the detector takes
place in a scintillating material, in the form of, e.g., a powder or a crys-
tal. X-ray photons are absorbed by the scintillator, which emits several
visible light photons per absorbed x-ray photon. The visible photons are
guided through a fibre optic plate (FOP) towards the sensor (typically CCD
or sCMOS) where they are recorded and converted to a digital signal. The
QE, or the percentage of photons that will be registered, depends on the
material and thickness of the scintillator, as follows by the Lambert-Beer
law (Eq. (3.3)); a thicker scintillator will capture more of the incident x-ray
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photons, and thus increase the QE. A thicker scintillator will, however, also
result in a wider spread of the visible photons produced upon interaction,
which increases the PSF.

3.4 Tomography

In virtual histology, 3D imaging of the sample is necessary. This can be
achieved by combining multiple projection images acquired at different
angles around the sample. The mathematical basis of this was introduced
by Johann Radon already in 1917 [31] but was first used combined with
x-rays when the CT scanner was invented in the 1970’s [2]. Assuming
monochromatic radiation and a heterogeneous sample, the measured
intensity at each projection angle is given by

𝐼(𝑥, 𝑦) = 𝐼0𝑒− ∫ 𝜇(𝑥,𝑦,𝑧)𝑑𝑧, (3.12)

where 𝜇(𝑥, 𝑦, 𝑧) is the linear attenuation coefficient along the beam path (cf.
Eq. (3.3)). Projection imaging at an angle 𝜃1 is illustrated in Fig. 3.7(a). The
sample (or, equivalently, source and detector) is rotated between acquisi-
tions, and a sinogram can be built for each row in the detector by stacking
measurements at different angles (Fig. 3.7(b)). The goal is to accurately
reconstruct the sample, in terms of its attenuation coefficient 𝜇(𝑥, 𝑦, 𝑧).

Important for understanding the reconstruction of the sample is the re-
lation between the sample and sinogram in Fourier space. The 2D Fourier
transform of a slice is shown in Fig. 3.7(c). A line at an angle 𝜃1 in the
Fourier space is equivalent to the 1D Fourier transform of the projection
at rotation angle 𝜃1. This is known as the Fourier slice theorem and is the
basis for the commonly used filtered backprojection (FBP) reconstruction
method [30]. The goal with the reconstruction is to take a sinogram and
construct its corresponding slice through the sample. Each column in the
sinogram is first high-pass filteredwith𝐻(𝜌) = |𝜌| to account for the sparser
sampling at higher spatial frequencies (cf. Fig. 3.7(c)). The filtered data is
backprojected, and finally contributions from all rows are summed to form
a reconstructed slice.

Filtered backprojection is used in parallel-beam geometry, meaning
that there is no curvature of the wavefront of the x-ray beam. At syn-
chrotron facilities, where the distance between source and detector is very
long (up to hundreds of metres) the geometry is approximately parallel,
but laboratory systems typically use cone-beam geometry. For such a
geometry, where varying the imaging distances will result in different
magnifications, the Feldkamp-Davis-Kress (FDK) reconstruction, which
is an extension of FBP, is used instead [32].
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Figure 3.7: Fourier slice theorem. (a) The detector signal at one angle 𝜃1 corre-
sponds to a line integral through the sample. (b) The sinogram is built by combining
intensity measurements at many different angles 𝜃. (c) 2D Fourier transform of the
sample shown in (a). The 1D Fourier transform of a projection at angle 𝜃1 corresponds
to a line, at the same angle, through the 2D Fourier space of the whole object.

FDK is the algorithm that has mainly been used in this work, but there
are also, e.g., iterative methods, where the basics of the reconstruction
works as follows [33]: 1) An initial guess about the reconstruction is
made, and artificial projections are constructed based on the guess.
2) The artificial projections are compared with the actual (measured)
projections. 3) The reconstruction is updated according to the error from
the comparison, and the process is repeated from 1), until a stopping
criterion is reached. While iterative reconstruction methods can produce
very accurate images, it is not always feasible for micro-CT purposes,
as the datasets consist of thousands of images, in this work each about
4000 × 4000 pixels large.
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3.5 The resolution of an imaging system

Resolution is a concept that will be revisited several times throughout this
Thesis, when discussing x-ray sources, detectors and images. In fact, both
x-ray source and detector, as well as imaging geometry, noise, system sta-
bility and stages used for moving the sample, play their part in determin-
ing what we can resolve in the final images. The theoretical image reso-
lution can be quantified if the system performance is well known, for ex-
ample as the spatial frequency at which the modulation transfer function
(MTF) reaches 10 % [34]. In images, the term “observable resolution” is
often used, meaning the smallest features detected visually.

Knowing the limitations of an imaging system increases the success
when using it. Figure 3.8 shows the geometry of a typical laboratory
micro-CT system, relying on a cone-beam geometry. The source has an
emission spot with diameter𝐷𝑆. The source-to-sample distance𝑅1 and the
sample-to-detector distance 𝑅2 determines the geometric magnification of
the system, as

𝑀 =
𝑅1 + 𝑅2

𝑅1
. (3.13)

Themagnification sets the sample-plane, or effective, pixel size: 𝑝eff = 𝑝/𝑀,
where 𝑝 is the physical pixel size of the detector. Similarly, if 𝐷𝐷 is the PSF
of the detector, the sample-plane detector PSF is𝐷𝐷,eff = 𝐷𝐷/𝑀. The emis-
sion spot is blurred by a factor (𝑀 − 1) in the detector plane, and thus has
an effective, size𝐷𝑆,eff = 𝐷𝑆(𝑀 −1)/𝑀 in the sample plane. The source and
detector PSF:s are the limiting factors in 2D imaging, and if they are known
we can tune the magnification to minimise the resolution loss. Assuming
Gaussian-shaped PSF:s, the loss is minimised when 𝐷𝑆,eff = 𝐷𝐷,eff, giving
a rule of thumb for choosing magnification:

𝑀 =
𝐷𝐷
𝐷𝑆

+ 1. (3.14)
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Figure 3.8: Cone-beam imaging geometry. Resolution is limited by the PSF:s of
the source (𝐷𝑆) or of the detector (𝐷𝐷) depending on the magnification 𝑀.
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Chapter 4

Contrast mechanisms in x-ray

imaging

The basic components of an x-ray imaging system were introduced in the
last Chapter: X-ray source, sample and detector. This Chapter will cover
how the image is formed, image contrast, and the arrangements used for
attenuation- and phase-contrast imaging. Contrast-enhancementmethods
and their effect on the sample are also discussed.

4.1 Image contrast

When comparing images it is convenient to do so in terms of the contrast of
one structure compared to its surroundings. Mathematically, there is not
one universal definition, but here we use

𝐶 =
𝐼 − 𝐼bg

𝐼bg
, (4.1)

where 𝐼 and 𝐼bg are the image intensities of a structure of interest and the
background, respectively. The contrast is related to howwell we can tell two
features apart in an image, as illustrated in Fig. 4.1, which summarises the

Figure 4.1: Image contrast. Siemens stars with increasing thicknesses give increas-
ing visibility.
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effect of contrast in images of a Siemens star resolution target. Increasing
thickness of the structures in the sample correlates with higher contrast.

In reality, there are also different sources of noise, which reduce the
visibility. The stochastic nature of photons give rise to photon noise, with

standard deviation √𝑁, where 𝑁 is the number of detected photons. The
signal-to-noise ratio for a photon signal is thus

SNR = 𝑁
√𝑁

= √𝑁. (4.2)

A stronger signal (more photons) in x-ray imaging is typically produced by
increasing the exposure time. To double the SNR, the exposure time needs
to be four times longer. Other sources of noise are for example electronic
noise, and detector dark noise, which can be reduced by cooling the sensor.

The image contrast depends on the sample and background as well as
imaging modality, and the noise is closely related to equipment and expo-
sure time.

4.2 Imaging modalities

Attenuation and phase shift are two different x-ray interactions that can
generate image contrast. The following sections summarise the theory be-
hind image formation as well as the experimental realisation of the two
imaging modalities.

4.2.1 Attenuation-contrast imaging

In conventional x-ray radiography and clinical CT, the contrast in an image
𝐼(𝑥, 𝑦) arises from differences in attenuation between different regions in
the sample. Consider the wave exiting a heterogeneous sample of complex
refractive index 𝑛(𝑥, 𝑦, 𝑧) = 1−𝛿(𝑥, 𝑦, 𝑧)+𝑖𝛽(𝑥, 𝑦, 𝑧). If there is no propagation
of the field, the measured intensity is

𝐼(𝑥, 𝑦) = |𝑈out(𝑥, 𝑦)|2 = |𝑈0|2𝑒− ∫ 𝜇(𝑥,𝑦,𝑧)𝑑𝑧, (4.3)

which follows from Eq. (3.9). No propagation distance means that the de-
tector is placed directly behind the sample and that the recorded signal es-
sentially is a shadow image of the object. Image contrast in attenuation-
based imaging depends solely on the attenuation coefficient 𝜇(𝑥, 𝑦, 𝑧) and
the sample thickness 𝑡(𝑥, 𝑦). No information about the phase is recorded.

The arrangement for attenuation-contrast imaging is shown in
Fig. 4.2(a), where the detector is placed close to the sample to minimise
source blurring (𝑅2 << 𝑅1). An example simulation (Fig. 4.2(b)) illustrates
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Figure 4.2: Attenuation-contrast imaging. (a) Imaging arrangement. The de-
tector is placed close to the sample to minimise source blur. (b) Sample consisting of
20 𝜇m spheres of bone and soft tissue and simulated attenuation image at 10 keV. Bone
is well represented in the image, but soft tissue is barely visible even without image
noise.

the problem with attenuation-contrast imaging of low-absorbing samples.
An example sample consists of two spheres – one made of bone and
one of soft tissue – with diameters of 20 𝜇m. Below the depiction of
the samples in Fig. 4.2(b), the corresponding x-ray image using 10 keV
radiation is shown. The bone, which has a large attenuation coefficient
(𝜇bone = 55 cm−1) gives a strong signal, while the soft-tissue sphere
(𝜇soft tissue = 5.6 cm

−1) is barely visible. It is clear that if the spheres were
even smaller, the bone might still generate some signal, while the soft
tissue would be almost invisible.

4.2.2 Phase-contrast imaging

Instead of measuring how much the radiation is attenuated when passing
through a sample, the amount of phase shift can bemeasured. This enables
sampling of the decrement 𝛿 of the refractive index, which is proportional
to the electron density. The advantages of using a phase-sensitive imaging
arrangement in contrast to a standard attenuation arrangement can be un-
derstood when considering the ratio between 𝛿 and 𝛽, as shown in Fig. 4.3
for some common materials at different energies. The ratio gives an esti-
mation of the phase shift compared to attenuation. Phase-contrast imag-
ing is most beneficial for low-density materials at energies in the hard x-ray
range.

The problem with exploiting the phase instead of attenuation is that
the phase shift is not directly detectable; x-ray cameras measure variations
in the amount of photons incident at different pixels, but cannot register
the phase of the incident wave. Phase-contrast imaging methods thus
rely on transforming variations in phase into intensity variations. There
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Figure 4.3: Ratio betweenphase shift and attenuation. Data for adipose tissue,
PMMA, soft tissue, water, bone and aluminium, from NIST [27].

are different ways of doing this. In propagation-based imaging (PBI),
free-space propagation is used to generate the signal, which is proportional
to the Laplacian of the phase [35, 36]. This arrangement requires no
additional optics but generally adds phase retrieval to the post processing.
Other methods, for example grating-based imaging, analyzer-based
imaging and edge illumination, sample the first order derivative of the
phase shift in either 𝑥 or 𝑦 direction.

Propagation-based imaging

The phase-contrast imaging in this Thesis has been performed with PBI.
With free-space propagation, the small angular deviations resulting from
the phase shift between two regions of different refractive index can be vi-
sualised in the form of an interference pattern, given sufficient spatial co-
herence and a high-resolution detector. The field exiting a sample is

𝑈out(𝑥, 𝑦) = 𝑈0𝑒𝑖𝑘𝑧𝑒𝑖𝜙(𝑥,𝑦)𝑒−𝑎(𝑥,𝑦) (4.4)
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(c.f. Eq. (3.9)), where 𝜙(𝑥, 𝑦) and 𝑎(𝑥, 𝑦) are the phase shift and amplitude
attenuation, respectively, given in Eqs. (3.10) and (3.11). The exit plane is
defined as 𝑧 = 0. To achieve the measured image intensity 𝐼 = |𝑈det|2

the wavefront 𝑈out leaving the sample is propagated over a distance 𝑧, un-
til it reaches the position of the detector. Assuming small angles (paraxial
approximation) and short propagation distances, the changes to the wave-
front during propagation can be approximated by the Fresnel diffraction
integral [37]

𝑈det(𝑥, 𝑦) = 𝑒𝑖𝑘𝑧

𝑖𝜆𝑧 ∬ 𝑈out(𝜉, 𝜂)𝑒
𝑖𝑘
2𝑧 [(𝑥−𝜉)2+(𝑦−𝜂)2

]𝑑𝜉𝑑𝜂. (4.5)

This can be recognised as a convolution

𝑈det(𝑥, 𝑦) = 𝑈out(𝑥, 𝑦) ∗ ℎ(𝑥, 𝑦) (4.6)

between the field 𝑈out and the convolution kernel for free-space propaga-
tion

ℎ(𝑥, 𝑦) = 𝑒𝑖𝑘𝑧

𝑖𝜆𝑧
𝑒

𝑖𝑘
2𝑧 (𝑥2+𝑦2). (4.7)

In simulations, the computation in Eq. (4.6) is instead carried out it the
Fourier domain. The field at the detector plane is

𝑈det(𝑥, 𝑦) = ℱ −1{ℱ {𝑈out} ⋅ ℱ {ℎ}}, (4.8)

where ℱ denotes the (two-dimensional) Fourier transform

ℱ {𝑓(𝑥, 𝑦)} = ∬
∞

−∞
𝑓(𝑥, 𝑦)𝑒−𝑖2𝜋(𝑢𝑥+𝑣𝑦)𝑑𝑥𝑑𝑦 (4.9)

and ℱ −1 its inverse.
Note that the intensity signal 𝐼(𝑥, 𝑦) = |𝑈det(𝑥, 𝑦)|2 depends on both at-

tenuation and phase shift; if a thin specimen is assumed, contrast-transfer
functions (CTFs) for amplitude and phase can be defined [28]. As shown by
Mayo et al., the phase-contrast component for a spatial frequency 𝑢 reaches
its first maximum at 𝑧 = 1/(2𝜆𝑢2). In this region, the intensity is propor-
tional to the Laplacian of the phase, giving rise to edge enhancement in the
images, seen as bright and dark fringes around edges. To accurately recon-
struct the phase signal, phase retrieval must be performed on the projec-
tion images. The commonly used Paganin filter [38], which has been used
throughout this Thesis, is introduced in Chapter 5.

The experimental realisation of propagation-based imaging in a cone-
beamarrangement is shown in Fig. 4.4(a). The distance for free space prop-
agation in reality not only depends on the sample-detector distance𝑅2, but
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Figure 4.4: Propagation-based phase-contrast imaging. (a) Imaging arrange-
ment. The detector is placed at a distance from the sample to enable free-space prop-
agation of the x-ray beam. (b) Sample consisting of 20 𝜇m spheres of bone and soft
tissue and simulated phase-contrast image at 10 keV with a propagation distance 𝑧eff =
167 mm. Interference fringes are clearly visible at the edges of both bone and soft tis-
sue.

also on the geometric magnification of the system, as

𝑧eff =
𝑅1𝑅2

𝑅1 + 𝑅2
=

𝑅2
𝑀

. (4.10)

Figure 4.4(b) compared to Fig. 4.2(b) shows the advantage of using phase-
contrast imaging over attenuation when the sample is composed of mate-
rials with low atomic numbers. While 𝜇 of bone is ten times that of soft
tissue, the difference in 𝛿, which determines the phase shift, is only a factor
of two. Even though the image contains information about both attenuation
and phase shift, the phase shift is clearly the predominant contribution to
image contrast in this example. For lower spatial frequencies, attenuation
dominates [28].

In this Thesis, propagation-based imaging in the near field regime is
considered. It is however possible to extend the propagation distance be-
yond the firstmaximumof the contrast-transfer function. This type of holo-
graphic imaging gives rise to images not directly resembling the sample.
The CTF-based phase retrieval approach includes processing of several im-
ages at the same angle, acquired withmonochromatic radiation at different
distances from the sample [39]. This can be used at synchrotron facilities,
where the spectral bandwidth is narrow and beam divergence low, but it
not suitable for a laboratory setting.

Other phase-sensitive imaging methods

There are a number of other x-ray imaging methods relying on phase con-
trast. The first approach was a crystal interferometer designed by Bonse
and Hart [40]. Monochromatic radiation was sent through a beam split-
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ting crystal, giving two coherent beams. One was used as a reference beam
and the other one was transmitted through the sample. Upon recombina-
tion, an interference pattern was formed due to the phase shift between
the two beams. With crystal interferometry, the phase shift 𝜙 is directly
measured. Othermethods, for example analyzer-based imaging (ABI) and
edge-illumination, are sensitive to the first order spatial derivative of the
phase, as it is related to the refraction angle

Δ𝛼 = 𝜆
2𝜋

𝜕𝜙(𝑥)
𝜕𝑥

. (4.11)

For clinical uses, grating-based imaging (GBI) is becoming an increas-
ingly popular candidate. Themethod, based on grating interferometry, was
first developed at synchrotron facilities [41,42], but was rapidly adapted for
use with conventional x-ray sources [43]. The GBI arrangement requires
two gratings; a phase grating 𝐺1 to produce a Talbot carpet to be used as a
reference intensity pattern, and an analyser grating 𝐺2 to aid detection of
the pattern. The grating 𝐺2 can in theory be omitted if a detector of suffi-
ciently high resolution is used [44]. By stepping one of the gratings, and
analysing the sinusoidal intensity curve for each pixel with and without a
sample in the beam, three independent signals can be extracted: differen-
tial phase, attenuation and dark field, corresponding to small-angle scatter-
ing [45]. This separation of the phase and attenuation signal is convenient,
as it simplifies the phase retrieval process− the phase can be quantitatively
determined by integration of the differential phase signal.

GBI offers trimodal imaging at dose levels acceptable for in vivo, which
was first demonstrated by Bech et al. [46]. With very promising results, es-
pecially in the dark-field modality [47], GBI is rapidly developing towards
clinical radiography. Though the field-of-view has previously been limited
by grating design, new developments has enabled in vivo GBI of pigs [48]
as well as of humans [49]. In contrast to PBI, grating interferometry can
produce quantitative results, but high-resolution imaging with grating in-
terferometry still requires further developments. As the GBI arrangement
relies on high-quality gratings, the imaging performance is closely linked to
the grating fabrication [50]. Reaching sufficiently high resolutions to per-
form GBI virtual histology can be achieved, for example by combining GBI
with super-resolution reconstruction techniques [51].

4.3 Contrast enhancements

If the natural contrast from phase or attenuation in a sample is not enough
to produce clear images, different methods can be employed to enhance
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the contrast by processing the sample. Drying and staining are two such
enhancements that will be discussed here.

4.3.1 Drying

To enhance contrast in phase-contrast imaging, the sample can be dried.
Propagation-based imaging can effectively detect edges between regions
of different refractive indices, and is very sensitive to interfaces between a
sample and air. Drying a samplewith the aimof introducing air into regions
normallywater-rich can thus greatly increase contrast. The evaporation-of-
solvent method can achieve this alteration of the tissue, enabling for exam-
ple detection of muscle fibre orientation [52] and cellular-resolution imag-
ing in mouse brain [53]. It should however be noted that while the contrast
increases, interpretation of results may becomemore difficult due to tissue
shrinkage and potential deformation and destruction of microanatomical
features.

Phase-contrast imaging of mummified remains, as done in Paper A,
greatly benefits from the fact that the ancient tissues are dehydrated.
Where conventional attenuation-based x-ray imaging has not been
successful due to the weak attenuation in the soft tissues, the phase signal
is strong due to the many interfaces between dried tissue and air within
the sample.

4.3.2 Staining

X-ray stains contain elements that are introduced into the sample to in-
crease the absorption of x-rays in certain tissues. The choice of stain de-
pends on both the characteristics of the sample, for example which tissue
is the main target of imaging, and the energy of the x-rays to be used. A
suitable stain should show higher absorption than the natural sample for
the range of x-ray energies used, to give rise to higher-contrast images than
the unprocessed sample.

The x-ray attenuation of some common elements used for staining is
shown in Fig. 4.5, compared to the attenuation of unstained soft tissue,
for relevant energies in the hard x-ray regime. Iodine-based contrast
media can be used clinically for CT and angiography, and in micro- and
nano-CT, heavy metals, such as tungsten or osmium are also used [54,55].
Some stains, for example osmium tetroxide (OsO4), uranyl acetate (UA)
and phosphotungstic acid (PTA) have been borrowed from electron
microscopy, and they all target different parts of the tissue. OsO4, for
example, binds to lipids, visualising for membranes and myelinated axons,
while PTA stains connective tissues. For micro- and nano-CT, stains are
continuously seeing new developments, and have successfully been used
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Figure 4.5: Elements used for x-ray staining.. Graph shows the attenuation co-
efficient of some common elements used as stains, compared to that of soft tissue. Data
from NIST [27].

for cellular-resolution imaging in, e.g., ex vivo liver and kidney from
mice [56, 57], using lead and bromine, specifically targeting nucleus and
cytoplasm, respectively. With more general staining, such as PTA or OsO4,
high-resolution imaging may not be feasible. This was investigated in
Paper D, where unstained and stained compound eyes of bumblebees
were imaged with phase-contrast nano-CT, and only the specimen without
staining could be reconstructed with satisfactory detail.

There are also known adverse effects with introducing foreign elements
into tissue. The tissue may deform or shrink if stained with PTA or
iodine [58], making volume measurements that are typically available
through CT unreliable.
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Chapter 5

Methods and instrumentation

While previous Chapters have introduced the theory of x-ray phase-
contrast CT, this Chapter is dedicated to the practical aspects: The
equipment, experimental procedures, data processing and evaluation of
reconstructed images. The different CT systems used in this Thesis are
presented, along with the data processing steps required to transform
projection images to a 3D reconstruction. Finally, verification of image
quality is discussed.

5.1 Imaging systems

Four different CT systems have been used in this Thesis; three laboratory
systems (out of which the first uses a liquid-metal-jet source, the second is
a nano-CT system built as a part of this work, and the third is a commercial
system) and one synchrotron beamline. The workflow of performing a CT
scan is very similar across the systems, but the arrangements differ in terms
of x-ray generationmechanics, geometry and detector specifications, which
also affects what system is suitable for what samples. Imaging with large
field-of-view (centimetres) was performed with the MetalJet D2 micro-CT
system, while imaging with very high resolution (≈ 1 𝜇m) was done using
the NanoTube N1 nano-CT system. The TOMCAT beamline at the Swiss
Light Source synchrotron facility was primarily used for very fast scans, as
well as for comparative imaging together with the commercial Xradia 520
Versa laboratory system.

5.1.1 MetalJet D2 micro-CT

The liquid-metal-jet x-ray source was introduced briefly in Chapter 3 and
the spectrum shown in Fig. 3.2(b). The MetalJet D2 source [59] (Excillum
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AB, Stockholm) used in the current CT setup has a Galinstan (GaInSn) an-
ode which gives strong characteristic line emission at 9.2 keV (Ga K𝛼). The
electron beam is focussed onto a line on the anode, but the apparent x-ray
emission spot is close to circular, with a diameter down to 5 𝜇m. Typical
settings for the imaging in this Thesis has been an acceleration voltage of
70 kV, source power of 100 W and an emission spot size around 8-10 𝜇m.
Zone plates have been used to image the emission spot, to verify its shape
and size before conducting experiments.

The minimum source-sample distance (𝑅1) in the MetalJet micro-CT
arrangement is limited by how close to the source it is possible to place the
sample, which is mounted on a rotation stage on top of linear stages. The
distance 𝑅1 is typically between 220 and 1000 mm. The imaging distances
are determined by the desired propagation distance 𝑧eff (Eq. (4.10)) and
magnification𝑀, which, as far as practically possible, is given by Eq. (3.14).
In reality, the sample size is often a hindrance to choosing the optimalmag-
nification. Some ways to get around this are discussed in Section 5.2.3.

MetalJet-based systems have been used to demonstrate virtual histol-
ogy in, for example, zebrafish [60], human coronary arteries [61], and hu-
man cerebellum [62]. Here, the MetalJet micro-CT arrangement is the
main imaging system used in Papers A, B, E and F, and has also been used
in Paper C. Three different scintillation-based detectors have been used,
depending on sample and desired resolution and field-of-view.

5.1.2 NanoTube N1 nano-CT

The highest resolution that can be achieved with the MetalJet CT system
in a cone-beam geometry depends on the minimum achievable emission
spot on the x-ray source, and is hence limited to a few micrometres (see
Eq. (3.14) with detector PSF 𝐷𝐷 = 21 𝜇m and source PSF 𝐷𝑆 = 5 𝜇m. The
inverse geometry, i.e.,𝑅1 >> 𝑅2 and𝑀 ≈ 1, requires a very high-resolution
detector and has not been considered here).

To enable phase-contrast CT with higher resolution, a new system was
built, based on aNanoTubeN1 x-ray source [63] (ExcillumAB, Stockholm).
The source has a thin transmission anode made of tungsten on diamond,
and can produce an emission spot with a diameter down to 300 nm. The
tungsten spectrum has strong L emission lines around 8-11 keV. The CT
system is shown in Fig. 5.1. A number of motorised stages are used; one
long-range linear stage to change the distance between source and sample,
one rotation stage to enable tomography, and one stage tomove the camera
transversally to the beam path. On top of the rotation stage, a stack of three
piezo stages is placed, to move the sample vertically (𝑦) and horizontally (𝑥
and 𝑧) for alignment of the sample on the centre of rotation. A visual light
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Figure 5.1: NanoTube N1 nano-CT system. (a) Schematic image of the system
(not to scale). The sample is placed close to the source to give large magnification.
(b) Photo showing the NanoTube N1 x-ray source, stages and webcam used for posi-
tioning of the sample. Images adapted from Papers C and D.

camera gives a side view of the source and sample, which is important to
be able to place the sample close to the source. With Eq. (3.14) in mind,
the magnification should ideally be 𝑀 ≈ 70 for a detector with 21 𝜇m PSF
and the smallest possible emission spot, meaning that 𝑅1 << 𝑅2 to fully
utilise the high resolution enabled by the x-ray source. The source-sample
distance𝑅1 is typically a fewmillimetres, and𝑅2 a fewhundredmillimetres,
which gives a propagation distance 𝑧eff ≈ 𝑅1.

Thermal drift was found to be the limiting factor for what can be ob-
served with the nano-CT system. This can be drift in the position of the
x-ray source spot, in the sample, in the camera, or a combination of the
above. If a series of projection images is acquired, the drift is seen as a
movement of the sample between projections, which, if not corrected for,
will cause motion artefacts in the final images.

Acquisition of 2D images in a drifting systemwill cause a blurring when
the image of the sample is shifted during acquisition. This can clearly be
seen using a Siemens star test sample (see Fig. 5.2), designed for this sys-
tem. The siemens star has 40 spokes, made of 500 nm thick gold, and a
smallest spoke width of 100 nm. During two hours, sixty images were ac-
quired and the total drift estimated through cross correlation of a 1000 ×
1000pixels region in the images. The largest difference between two frames
was more than 2 𝜇m. This might not seem much, but it is all about the
scale − the structures to visualise here are only a few hundred nanome-
tres and are not distinguishable without aligning the images before adding
them together. Figure 5.2(a) shows the average of the images acquired over
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Figure 5.2: Drift correction in 2D imaging. A siemens star resolution target with
diameter 100 𝜇m and smallest line width 100 nm. (a) Average of 60 images á 2 min,
uncorrected. (b) Average of 60 images á 2 min, with correction for drift. Concentric
circles mark line widths of 200, 400, 600, 800 and 1000 nm.

two hours, without any correction for the movement. The image is severely
blurred and lines narrower than around 500 nm cannot be visualised. Once
the images are aligned, structures down to slightly above 200 nm can be
seen in the averaged image (Fig. 5.2(b)), which is consistent with simula-
tions of the Siemens star at an x-ray emission spot of 300 nm. Correction
of drift during tomographic imaging is a slightly different problem and will
be discussed in Section 5.2.2.

With NanoTube-based systems, a variety of biological samples have
been imaged, with staining [56, 64, 65], and without [66]. The NanoTube
N1 nano-CT system presented here was first introduced in Paper C, and
later used for detailed phase-contrast imaging of unstained compound
eyes of bumblebees in Paper D.

5.1.3 Xradia 520 Versa x-ray microscope

A commercial x-ray micro-CT system, the Xradia 520 Versa [67] (Zeiss Mi-
croscopy, Jena, Germany) was also used for the work presented in Paper D.
The x-ray source in the Versa system is similar to the NanoTube, and also
uses a tungsten transmission anode, but the geometry of the systems differ
somewhat. The Versa system has a number of objectives to choose from,
giving an optical magnification of 𝑀opt = 0.4, 4, 20 or 40 × as well as ge-
ometric magnification 𝑀geom, and thus a total magnification 𝑀 = 𝑀opt ×
𝑀geom. More detailed specifications about the system, including emission
spot size, scintillator material and thickness, and source stability are not
available, and imaging distances have thus been chosen in accordance with
the manufacturer guidelines.



METHODS AND INSTRUMENTATION | 35

5.1.4 TOMCAT beamline at Swiss Light Source

TheTOMCATbeamline [68] (Swiss Light Source, Villigen, Switzerland) has
a state-of-the-art tomography arrangement used for a wide range of imag-
ing applications in material and life science. With synchrotron x-rays pro-
duced with a superbending magnet at 2.9 T, photon energies between 8
and 45 keV are available, in a parallel-beam geometry. The high flux en-
ables fast imaging, which for example can be used for 4D (time-resolved)
imaging [69].

In this work, no 4D imaging has been performed, but the high flux
has been useful in other ways. The laboratory nano-CT performed in
Paper Dwas compared to images of the same sample acquired at TOMCAT.
Thanks to the high flux, the exposure times could be kept to a few minutes
instead of hours, which meant imaging with minimal sample drift.

5.2 Data processing

Once projection images are acquired over at least 180 ̊ around the sam-
ple, there are some processing steps before a volume image can be recon-
structed. First, flat field and dark corrections are done on each projection
to account for inhomogeneous illumination, imperfections in the detector
and dark current offset in the sensor, giving a preprocessed image

𝐼 =
𝐼raw − 𝐼dark
𝐼flat − 𝐼dark

, (5.1)

where 𝐼raw is the raw output image of the sample from the detector, 𝐼dark is
a dark image acquired with x-ray emission turned off, and 𝐼flat is an image
acquired under the same conditions as the raw image, but with no sample in
the beam. The image 𝐼 is the input for the phase retrieval algorithm, which
is the next processing step.

5.2.1 Phase retrieval

The detected image 𝐼(𝑥, 𝑦) contains both attenuation and phase informa-
tion, and the intensity is proportional to the second order derivative of the
phase. The projection images can be directly used for tomographic recon-
struction, but it is oftenmore practical to first perform phase retrieval. The
retrieval process is essentially a low-pass filter, to transform the sharp edge
contrast at boundaries with different refractive indices to a projected thick-
ness of the sample. This simplifies post processing, which often involves
volume rendering and segmentation.

In all Papers A-F, the retrieval method developed by Paganin et al. was
used [38]. A single-material sample with varying density and thickness is
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assumed to be illuminated withmonochromatic x-ray radiation. Themate-
rial parameters 𝛿 and 𝜇 are given as inputs. The density and thickness of the
sample are represented by the projected thickness 𝑇 (𝑥, 𝑦), which is the out-
put of the retrieval algorithm. With 𝑇 (𝑥, 𝑦), both the phase shift 𝜙(𝑥, 𝑦) and
attenuation image can be calculated by Eqs. (3.7) and (3.3), respectively.
Starting from the transport-of-intensity equation (TIE) [70], Paganin et al.
proposed solving the phase problem by retrieving the projected thickness
as

𝑇 (𝑥, 𝑦) = − 1
𝜇
ln (ℱ −1{𝐺(𝑢, 𝑣) ⋅ ℱ {𝐼(𝑥, 𝑦)}}) , (5.2)

where ℱ denotes the Fourier transform (Eq. (4.9)) and ℱ −1 its inverse,
𝐼(𝑥, 𝑦) is given by Eq. (5.1) and 𝐺(𝑢, 𝑣) is a low-pass filter

𝐺(𝑢, 𝑣) = 1
4𝜋2𝑧eff

𝛿
𝜇 (𝑢2 + 𝑣2) + 1

. (5.3)

It should be noted that Eq. (5.2), however useful for the sake of image
interpretation, seldom generates quantitative results. Almost all laboratory
systems work with polychromatic radiation, which complicates the choice
of the parameters 𝛿 and 𝜇, as they vary with the wavelength. Furthermore,
the assumption that the sample consists of a single material is highly unre-
alistic in most cases. Where the different materials in a sample are similar
in terms of absorption andphase shift, for example different soft tissues, the
choice of phase retrieval parameters can be done by visual inspection. For
imaging of more complex samples, for example small animals, there may
be highly attenuatingmaterials (bone) in contact with low-attenuating ones
(soft tissue). Retrieving withmaterial parameters for bone or for soft tissue
will generate two very different results, where a satisfying reconstruction
of both materials simultaneously might not be possible. There are multi-
material retrieval methods based on TIE, where retrieval is done in multi-
ple steps for the differentmaterials. These algorithms are outside the scope
of this Thesis, but the details can be found in, e.g., Refs. [71–73].

5.2.2 Drift correction

For CT with resolution in the micrometre range, the drift must be prop-
erly handled to minimise motion artefacts. This can for example be done
using fiducial markers, which are small objects placed on the sample to
enable tracing of its movements. There are several problems with using
markers at this resolution scale. First off, a suitable material must be used,
with enough absorption to easily be discovered by a correction algorithm,
but without introducing new artefacts associated with high-density mate-
rials [74]. Secondly, the markers must be attached to the sample, which
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is a potentially invasive process with the risk of harming the sample. As
an alternative to physical markers, a software-based approach can be used,
where shift is found by cross correlating two images at the same angle, as
in the 2D case.

The problem with this is that projection images in general only exist
singly at each angle. This can be solved by running a short scan, with fewer
projections, after the actual tomography. The position of the sample in
these images are considered the true position and can be used as a reference
for how the sample has moved during the scan. Interpolation between the
measured points gives a curve that can be used as a rough correction vector
to apply to the projection images.

An example of this is shown in Fig. 5.3. Figure 5.3(a) shows a typical
drift curve over a 16 hours long scan, where the movements stabilise after
approximately half the scan. The sample, a small (75 𝜇m) PMMA ball, is
shown reconstructed in Fig. 5.3(b). In the longitudinal section, two edge
profiles are extracted – one vertical and one horizontal – to assess the reso-
lution for both uncorrected and corrected scans. The vertical andhorizontal
profiles are shown in Figs. 5.3(c) and (d), respectively. A steeper slope in-
dicates higher resolution. The vertical profile shows the greatest improve-
ment from correction. It should also be noted that the image resolution
both before and after correction is slightly higher in the vertical direction,
likely because of the rotation stage limiting the horizontal resolution.

This correction method was used in Paper D, where compound eyes of
bumblebees were scanned during 16 hours and the drift, which exceeded
one micrometre, was limiting the resolution.

5.2.3 Stitching

Some samples are larger than the field-of-view (FOV) of the detector. If the
sample is too tall, this can be solved by acquiring several tomographies at
different vertical positions, reconstruct each tomography and finally stack
the reconstructed slices together to create one dataset as output. Another
solution is helical, or spiral CT, where the sample is moving vertically while
rotating. Localised tomography (LCT), also known as region-of-interest
(ROI) tomography or interior tomography, is often used when there is no
need to capture the whole sample, but only a small region-of-interest. Part
of the sample is then left outside the FOV, and different methods exist
to minimise the artefacts arising from the localisation (see for example
Refs [75–77]). Paper D uses a partially localised scan to maximise the
magnification when imaging the compound eye of a bumblebee.

Consider instead a sample almost twice as wide as the FOV of the cam-
era, where thewhole sample is of interest. To reconstruct it completely, all
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Figure 5.3: Drift correction in nano-CT. (a) Drift curve for a 16 hour scan of a
small PMMAball (75𝜇mindiameter). (b) Longitudinal slice at the centre of the sample.
Scalebar: 10 𝜇m. (c) Vertical and (d) horizontal edge profiles of reconstructions with
(blue line) and without (purple line) drift correction, at the positions marked in (b).
Steeper slope indicates higher resolution.
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Figure 5.4: Image stitching. Combined vertical and horizontal stitching to recon-
struct a mummified human hand. (a) Projection images showing the field-of-view of 9
scans stitched together. (b) Final volume reconstruction. Scalebar: 1 cm.

of it must be represented on the detector. To do so, two sets of tomogra-
phies are acquired side-by-side with some overlap, by shifting the position
of the camera transversally to the beam direction. The two projections ac-
quired at the same angle are first phase retrieved, then stitched together to
form a virtually wider projection image of the sample.

In Paper A, a mummified human hand was imaged. This sample was
both too wide and too tall to fit the FOV of the detector, and therefore a
combination of the two stitching methods was used. A total of nine tomo-
graphies were acquired, in a pattern depicted in Fig. 5.4(a). Figure 5.4(b)
shows the final volume rendering of the bones of the hand.

5.2.4 Volume reconstruction

The final step of the processing is tomographic reconstruction, which aims
to inverse the Radon transform and generate a volume representation of
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the sample. For images acquired at the MetalJet and nano-CT systems, a
commercial software using the FDK algorithm was used (Octopus Recon-
struction, TESCAN XRE, Gent, Belgium). Reconstructions of the data ac-
quired with the Xradia 520 Versa system were performed with the built-in
system software. At TOMCAT, the gridrec reconstruction was used [78].

The result of the tomographic reconstruction is a stack of transversal
slices of the object. For virtual histological analysis, the stack can be viewed
image by image, or be processed further. Post-reconstruction processing
has mainly been done in Amira Software and ImageJ. In this work, vol-
ume renderings have been generated, as well as virtual sections through the
stack (Papers A-F). Segmentation has also been used, for visualisation pur-
poses (Papers A, C, E and F) and for virtually removing wrapping around
fingers of a mummified human hand (Paper B).

5.3 Image quality

An important question when developing imaging methods, especially for
new applications, is: How do we know that we use the best imaging set-
tings, and how can we verify what we see in the images? Pre-experiment
simulations and ways to verify image quality are briefly discussed here.

5.3.1 Simulations

Before conducting experiments, simulations have been performed to better
understand the optimal settings. The simulation is done inMATLAB, based
on Fresnel diffraction (Eq. (4.5)). The basis for the simulation software was
first introduced by Lundström and used in, e.g., Refs. [79–81].

The simulation framework enables generation of a sample consisting
of different geometric shapes; boxes, cylinders and ellipsoids. Using data
from National Institute of Standards and Technology (NIST) [27], the dif-
ferent shapes are given refractive indices corresponding to the materials
they represent. X-ray radiation, with energies given by a spectrum im-
ported into the software, is used to form an image on a virtual detector.
Imaging distances, source and detector PSF, exposure time and noise are
taken into account in the model of the imaging system.

The sample is assumed to be thin, i.e., wave propagation within the ob-
ject, in other directions than incident beamdirection, will be neglected. De-
spite this simplification, and the limitation in the complexity that can be
achieved in a sample consisting of only simple geometric shapes, the simu-
lations serve their purpose. Distances, source settings and exposure times
can roughly be determined before starting experiments, and the simula-
tions give a good grasp of the limiting factors in the arrangement.



METHODS AND INSTRUMENTATION | 41

5.3.2 Estimating resolution

Resolution is an important aspect in biomedical imaging, but it is not uni-
versally defined. The classical definition, often used in light microscopy, is
the Rayleigh criterion: To be able to resolve two diffracting point sources,
they must be spaced apart a minimum distance Δ𝑟, so that the first mini-
mum of one source overlaps with the first maximum of the other. The res-
olution is the distance Δ𝑟, which is also the radius of the Airy disk [5].

For x-ray imaging, resolution can for example be measured with a reso-
lution target, such as grating or a Siemens star. This works well for charac-
terisation of 2D imaging, as was done in Paper C, but is less practical for CT.
Other measures are the spatial frequency at which the MTF curve drops to
10 % (9 % would correspond to the Rayleigh criterion), or by a knife-edge
scan. If a sharp edge is imaged, then any blurring, i.e., decrease of the slope
of the intensity profile across the edge, is a result of the limited resolution
in the system. The length at which the intensity varies from 10 % to 90 %,
denoted Δ𝑟10/90, is a measure of resolution, corresponding approximately
to the Rayleigh criterion [20]. This measure is convenient to apply to a CT
reconstruction, and was used in Paper A to verify the resolution in the final
images.

5.3.3 Comparisons to histology

When developing phase-contrast CT methods, and thus expanding the
range of applications of virtual histology, it is important to be able to
verify the results produced. Classical histology can often be used as a
comparison, bearing a few differences in mind: It may not be possible
to compare exactly the same slice in CT and histology, as samples might
deform during sectioning. Furthermore, the contrast mechanisms are
different, as classical histology methods rely on staining the specimens to
increase absorption.

Histological analysis by light and electron microscopy was performed
for Papers D and E. In Paper D, the compound eye of a bumblebee was im-
aged with nano-CT, and the structures identified in the CT images could be
confirmed in electron microscopy. Valuable conclusions about what mate-
rials contributed the most to the image contrast could also be drawn. In
Paper E, clinical histology images were used for confirming the extent of
tumour growth in excised tissue samples.

For certain samples, destructive analysis such as microscopy is not pos-
sible even for evaluation of a new method. Paper A, in which a mummified
human hand was imaged, does not contain any classical histology images,
due to strict restraints to non-destructive analysis methods. The structures
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identified in the CT images were instead verified by careful comparison to
histological images of fresh tissue.
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Chapter 6

Imaging applications

Virtual histology by x-ray phase-contrast CT has been applied to a number
of different samples during this work: mummies, insect visual systems, ex-
cised tumours and rat bones. This Chapter aims to describe the purpose of
these applications, along with some background to the standard methods
used in the respective fields today.

6.1 Mummified remains

X-ray imaging is unquestionably one of themost important tools inmodern
archaeology, and has been ever since the discovery of the mysterious new
radiation in the late 19th century. Historically, to view the insides of an
object, it had to physically be opened up. Mummies were no exception. The
linen wrappings surrounding the body would be removed, and the body cut
open; sometimes for a scientific evaluation, sometimes to look for valuable
amulets buried with the dead, and sometimes for pure entertainment [82].
When the first x-ray image of amummywas published in 1896, this was the
start of a new era of non-destructive analysis of ancient objects [83].

Today, CT is routinely used to study mummies. Clinical CT scanners
provide a large field-of-view and short scan times, which means whole col-
lections can easily be examined. The purposes range from detecting what
actually hides inside animal mummy bundles (which has led to some sur-
prises, seeRef [84]) to examining human remains for diseases and causes of
death. The latter has some limitations, as the resolution in clinical scanners
is relatively low (about 1 mm) and the weak contrast in the dehydrated soft
tissues typically only allows for detection of larger structures. Conventional
micro-CT, based on attenuation, suffers the same limitation. The field of
palaeopathology, the study of ancient diseases, has therefore been forced
to other, destructive imaging methods to be able to extract pathological in-
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formation preserved in the soft tissues. Most notable, classical histological
analysis by microscopy has been used. This is not trivial in a sample with
completely dry tissues. Once a piece of tissue is excised from themummy, it
requires rehydration before the standard histological toolbox (embedding,
sectioning, staining) is applied [85]. The rehydration is a chemical process,
which damages and sometimes completely destroys the sample.

Destructive analysis is nowadays rarely allowed on ancient samples.
Non-destructive alternatives, such as magnetic resonance imaging
(MRI) and terahertz imaging have been proposed, but with limited
success [86, 87]. In Paper A, laboratory phase-contrast CT was shown
to produce more detailed images of mummified soft tissue than seen
with any other method. Phase-contrast CT had been used to image other
archaeological objects, such as papyrus rolls and amber embedded insects,
but never been tried on mummies. The reason for this is most likely a
practical one: Most phase-contrast imaging is carried out at synchrotrons,
and the permits to transport ancient and invaluable human artefacts to a
remote facility are not trivially achieved.

Figure 6.1: Phase-contrast CT of amum-
mified human hand.

The imaging arrangement is shown
in Fig. 6.1. The preparation of the sam-
ple, a 2400 year old mummified hu-
man hand originating from Egypt, was
donewith great care; It was crucial that
there was no movement during imag-
ing, but the sample was very fragile
and could of course not be clamped or
glued to be kept in place. The handwas
therefore placed vertically in a plastic
cylinder, and padded with plastic foam
to keep from moving.

Papers A and C present virtual his-
tology of a fingertip of the mummified
hand. Figure 6.2 summarises the re-
sults. A virtual axial section through
the tip of the middle finger is shown
in (a), and a sagittally sectioned vol-
ume rendering is shown in (b). Fig-
ures 6.2(c) and (d) show virtual sec-
tions through the soft tissue, at the po-
sitions marked in (a). Analysing the
tissue at a resolution level of a few mi-
crometres in 3D reveals blood vessels and even remains of adipose cells. By
segmentation of the linen wrappings around the fingers, it could be virtu-
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Figure 6.2: Virtual histology of mummy finger. (a) Axial section through fin-
gertip. Nail (N), nail bed (NB), bone (Bn), bone marrow (BM) and adipose tissue (Ad)
can be seen. (b) Sagittal section through volume rendering of the fingertip. (c) Section
through the nail bed, showing blood vessels (BV). (d) Section through adipose tissue
with remains of adipose cells (round cavities). Scalebar in (a) is 1 mm, in (c) and (d)
200 𝜇m, and inset of (d) 50 𝜇m. Figure adapted from Papers A and C.

ally removed, revealing the preserved skin of the fingertips, where partial
fingerprints could be reconstructed. This was visualised in Paper B.

This proof-of-principle study only contained imaging of healthy tissue,
but there is great potential for examination of suspected pathologies, for
example, soft tissue tumours. There are however some issues to overcome
before this technique can be applied to a wholemummy and not just a small
part. Sample handling and preparation is one issue. Mummies are typically
scanned using clinical CT machines, where the body is put on a table and
the source and detector rotates around it while acquiring images. In phase-
contrast imaging, which due to coherence requirements only can be done
at synchrotron facilities or with micro- or nano-CT systems, it is common
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practice to instead rotate the sample, for stability. A mummy would thus
need a sample holder enabling a vertical placement on top of a rotation
stage. Another issue is the relatively low energy typically used for phase-
contrast imaging (10-30 keV). Scanning a whole mummy means that the
radiation, at some projection angles, would need to penetrate several cen-
timetres of bone. Both laboratory x-ray sources and detectors would need
to be designed for higher energies to enable phase-contrast CT of larger
samples. The final issue is also detector-related; the field-of-view is typi-
cally smaller than the sample. This can, for example, be solved by acquir-
ing multiple scans and stitching, as demonstrated in Paper A (see also Sec-
tion 5.2.3).

6.2 Insect vision

Studying the visual systems of pollinating insects may help increase the un-
derstanding of their drastic global decline in numbers. Eye morphology is
closely linked to habitat types, which are changing due to a changing envi-
ronment [88–90]. Bees and other pollinators rely on visual guidance to be
able to forage successfully and use their faceted compound eyes for flight
control and detection of flowers [91, 92]. Different imaging methods can
help us gain better understanding of how climate change changes the visual
systems of bees and how this affects their success in foraging and pollina-
tion.

Classical microscopy methods, e.g., light- and electron microscopy,
can be used for high-resolution imaging of compound eyes, but any three-
dimensional information is lost upon sample preparation. Sectioning is
not only destructive, it also requires time and skill, as the samples typically
are around 1 mm. Even with high precision it is very difficult to section in
a predetermined direction.

Micro-CT has previously been used to reconstruct the eyes and brain
of insects in 3D [93, 94]. The problem is that this is exclusively done af-
ter staining the sample with heavy metals, such as tungsten and osmium,
since conventional attenuation-based micro-CT simply does not provide
enough contrast to image the features inside the bee head without contrast
enhancements. Heavy metals are not only a potential hazard to the person
using the stain, but also risk altering the sample.

Using laboratory phase-contrast imaging with the NanoTube N1
nano-CT system, imaging of bumblebee compound eyes can be performed
in great detail without introducing any contrast agents. Compared to
samples stained with PTA or OsO4, the microanatomy is in fact much
better represented if no staining is used. These results are presented
in Paper D. Figure 6.3 shows an example of the appearance of the
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Figure 6.3: Compound eye of a bumblebee. (a) Light microscopy image and (b)
nano-CT image giving an overview of the anatomy the different parts of the photore-
ceptor units: Cornea (Co), crystalline cones (CC), retina (R) and basement membrane
(BM). Scalebars are 100 𝜇m. Figure adapted from Paper D.

compound eye in light microscopy (a) and nano-CT (b). The structures
of interest are the thousands of ommatidia (photoreceptor units) in the
eye, each consisting of a corneal lens (Co), crystalline cone (CC) and eight
photoreceptor cells in the retina (R). At the basement membrane (BM),
signals are transferred from photoreceptors to axons.

To verify the structures visible in the nano-CT images, transmission
electron microscopy (TEM) of the same sample was performed. Figure 6.4
summarises the appearance of the different parts of the ommatidia in nano-
CT (a-c) and TEM (d-f).

6.3 Tumour resection margins

In clinical pathology, classical microscopy-based histology is the gold stan-
dard for diagnostics. Microscopy produces high-resolution images, which,
through different stains, provide excellent information that goes beyond
the morphology of the tissue. The problem is that the sample preparation
takes time, which can have a negative impact on the continued treatment,
for example in cancer patients. Surgery is a common treatment method,
where the aim is to remove all parts of the tumour. To be sure of the com-
plete removal of tumour tissue, a small margin of healthy tissue surround-
ing the tumour is also removed. This resection margin is important for the
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Figure 6.4: Photoreceptors in the compound eye. (a-c) Nano-CT of unstained
sample and (d-f) transmission electron microscopy. Incident light is focussed by the
corneal lenses (Co) and crystalline cones (CC), which are surrounded by pigment cells
(P). Photoreceptor cells (c and f, numbered 1-8) are also surrounded by pigment, giving
increased contrast in nano-CT. Scalebars are 10 𝜇m. Figure reprinted from Paper D.

prognosis and further treatment − the margin should not be unnecessar-
ily large as it may affect the function of the organ it was excised from, but
not too narrow as that may indicate that part of the tumour is left in the
patient [95–97].

The assessment of the tumour resection margin is to date done by stan-
dard clinical pathology. This means that the time between surgery and re-
sult is typically several days. If the margin is deemed too small, i.e., there is
a risk that a part of the tumour is still in the body, the patient either has to
go through another surgery, or be put through complimentary treatments,
such as radiation therapy or chemotherapy. To overcome this issue, an
intra-operative imaging approach is suggested, in order to give the surgeon
feedback on the resection margin already during surgery.



IMAGING APPLICATIONS | 49

Figure 6.5: Intrahepatic cholangiocarcinoma. (a) Micro-CT of the tumour,
which has lower density than surrounding tissue. (b) Classical histology slice close to
themicro-CT,H&Estain. (c) and (d)Detailed views of the tumour border (arrowheads),
in CT and histology, respectively. The asterisk (*) marks a separate region of tumorous
tissue. Scalebars: 1 mm. Figure adapted from Paper E.

Paper E demonstrated the feasibility of x-ray virtual histology as a
tool to analyse the tumour resection margin. Pancreas and liver tumours
prepared for histological sectioning, i.e., formalin-fixed and paraffin-
embedded, were scanned in a laboratory phase-contrast CT arrangement.
Multiple algorithms for ring artefact reduction, de-striping, and de-noising
were employed before tomographic reconstruction [98–102]. Figure 6.5
shows an example of a liver tumour (intrahepatic cholangiocarcinoma)
imaged with CT (a and c) and classical histology (b and d). The tumour is
distinguished due to its slightly lower density that the surrounding healthy
tissue. In (c) and (d), an area close to the cut surface of the sample shows
signs of tumour cells.

Assessment of the resectionmargin through phase-contrast CT does not
only provide a 3D view of the sample, which is missing in classical histol-
ogy, but it also enables fast imaging. As a continuation of this work, rapid
assessment of the resection margin on fresh, or recently formalin-fixed tis-
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sue, opens up for a new way of viewing the results of tumour surgery.

6.4 Vascular canals in rat bone

Finally, there are many applications of phase-contrast CT in biomedical re-
search. Systems based on liquid-metal-jet sources have, e.g., been used for
in vivo imaging in mice [103], but to date mainly for cellular-resolution 3D
imaging ex vivo [60,62]. In thiswork, the possibilities in bone imaging have
been explored. Especially for analysing the processes of bone remodelling,
it is valuable with access to high-resolution 3D representations of the bone.
In Paper F, a rat femur was imaged to visualise the network of vascular
canals. Figure 6.6 shows a summary of the results. Also lacunae, the cavi-
ties where the osteocytes reside, are visible in the CT images (Fig. 6.6(a)).
Virtual sectioning of the bone (b), as well as segmentation of the vascular
canal system (c), demonstrate the potential of laboratory phase-contrast CT
for the study of bone microanatomy.
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Figure 6.6: Vascular canals in rat bone. (a) Virtual axial slice through femur.
(b) Longitudinal slice, along vascular canal. (c) Volume rendering of the network of
canals, showing orientation and branching. Scale bar: 100 𝜇m. Box in (c): 380 × 950
× 1320 𝜇m3
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Chapter 7

Conclusions and outlook

This Thesis presents developments of methods for virtual histology of bio-
logical samples using micro- and nano-computed tomography in a labora-
tory setting. A broad range of applications are presented, where the imag-
ing systems, acquisition and data processing have been optimised for each
sample. Specifically, imaging has been performed on unstained samples,
using propagation-based phase-contrast imaging to enhance contrast for
weakly attenuating materials, especially soft tissue.

Phase-contrastmicro-CTwas applied to amummy, resulting in themost
detailed images of mummified soft tissue to date. Conventional imaging
methods, such as clinical CT and attenuation-based micro-CT, fail to cap-
ture the dry soft tissue in sufficient detail to identify pathologies of interest.
To fully establish phase-contrast CT as an alternative for mummy imaging,
different mummified soft tissues should be imaged, to collect standards for
how reconstructions of healthy tissue appear. Finally, samples with known
pathologies should be imaged and characterised with phase-contrast CT.

For even higher-resolution imaging, a phase-contrast nano-CT system
was built, based on a nanofocus transmission source. The current config-
uration allows for imaging with slightly above 200 nm resolution in 2D,
and about 1 𝜇m in 3D. The x-ray source is a prototype nanofocus source,
but can be upgraded to a newer version to allow for higher power. This
can potentially reduce the exposure time with a factor of three, which also
reduces the amount of drift-related artefacts. Other upgrades required to
reach isotropic sub-micron resolution is a higher-precision rotation stage
and a system enclosure with temperature regulation.

Using the nano-CT system, compound eyes of bumblebees were im-
aged. Comparisons between unstained eyes and eyes stained with phos-
photungstic acid or osmiumshowed that the use of staining did not improve
visibility of themicroanatomical structures within the eye. On the contrary,
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more structures were observed in the eye where no stain was used. Though
the result may not be directly translatable to other samples, it may be worth
investigating whether staining improves or worsens contrast when imaging
with a phase-contrast nano-CT system.

In clinical pathology, classical histology is well established and it
provides both diagnostic and prognostic data. Here, phase-contrast CT
is a good complement, providing three-dimensional data where histology
is limited to two dimensions. Phase-contrast CT also has the advantage
of speed, as preparation of the tissue, such as staining, is not necessary.
Rapid 3D imaging may enable intra-operative feedback on, for example,
tumour resection margins, a potential application of phase-contrast CT to
be further explored.

In summary, this work consists of many small steps towards making
virtual histology more accessible, whether the application is biomedical re-
search, archaeology or clinical pathology. This means moving from large-
scale imaging facilities to local laboratories, and from heavily stained tissue
to samples closer to their natural state.
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Summary of Papers

This Thesis is based on the six Papers listed below, all relating to the devel-
opment of laboratory phase-contrast CT for virtual histology of unstained
biological samples. The author was the main responsible for Papers A, B,
C and D, including planning, performing experiments, analysing data and
writing the Papers. In Paper E, part of the imaging and data analysis was
performed by the author, who also contributed to writing the manuscript.
In Paper F, the author contributed to planning and performing the exper-
iments, as well as analysing the data. Comparative histology by light- and
electron microscopy (in Papers D and E) was performed by others.

Paper A: Soft-tissue imaging in a human mummy: Propagation-based

phase-contrast CT

This paper demonstrates phase-contrast CT for detailed imaging of mum-
mified remains. With a liquid-metal-jet x-ray source, a mummified human
handwas imaged, with focus on soft tissues. Amedium-resolution overview
scan of the whole hand, as well as a high-resolution (6-9 𝜇m) scan of the
fingertip were presented. This proof-of-principle study demonstrated non-
destructive soft tissue imaging in mummies at a level of detail not possible
with any other method. Blood vessels, nerves, the layers of the skin and the
remains of adipose cells were visualised in a 2400 year old mummy.

Paper B: Imaging fingerprints of an ancient Egyptian mummy by

propagation-based phase-contrast x-ray tomography

By volume rendering, segmentation and virtual unwrapping, segments of
fingerprints could be extracted from the ancient Egyptian mummy hand
examined in Paper A.



56 | SUMMARY OF PAPERS

Paper C: Virtual histology of dried and mummified biological samples

by laboratory phase-contrast tomography

The virtual histology analysis of the mummified human hand was contin-
ued in this Paper, including volume rendering and segmentation of adipose
cells. The first characterisation and CT imaging with the nano-CT system
built as a part of this Thesis were also presented.

Paper D: Laboratory phase-contrast nanotomography of unstained

Bombus terrestris compound eyes

Unstained compound eyes of bumblebees were imaged with a resolution
down to 1 𝜇m using a nano-CT system. This paper demonstrates the po-
tential of phase-contrast imaging to avoid x-ray staining of tissue; compar-
isons show better representation of the sample without staining than with
phosphotungstic acid (PTA) or osmium tetroxide (OsO4). The results from
imaging with the nano-CT system were also compared to those of a com-
mercial x-ray microscope (Xradia 520 Versa), which showed worse image
quality for unstained samples when imaging at the same dose. Synchrotron
radiation tomography (TOMCAT at Swiss Light Source) and light- and elec-
tron microscopy images were used for reference.

Paper E: Laboratory x-ray virtual histology for 3D tumor resection

margin assessment

In this Paper, phase-contrast CT with a liquid-metal-jet source was applied
to paraffin-embedded tumour samples from a biobank, with the objective
of demonstrating x-ray virtual histology to assess tumour resection mar-
gins. The margin of healthy tissue is to date analysed by classical histology,
which is time consuming and limited to two dimensions. Phase-contrast
CT provides rapid, three-dimensional imaging of the tumours, with cellu-
lar resolution. Detection of the tumour edges in the CT images was verified
by comparison to histology images.

Paper F: Cellular-resolution imaging ofmicrostructures in rat bone us-

ing laboratory propagation-based phase-contrast x-ray tomography

A rat femur was imaged using a liquid-metal-jet source, in order to anal-
yse the vascular network within the bone. The network was segmented to
visualise merges and branches of the vascular canals, which were approx-
imately 10-15 𝜇m in diameter. Also lacunae, home to osteocytes, could be
observed.



ACKNOWLEDGEMENTS | 57

Acknowledgements

I would like to extend my gratitude to a number of people, without whom
this work would not have been possible.

First and foremost, tomy supervisor, HansHertz. You have always been
a great support and encouragedme to pursuemy ideas, while helpingme to
keep both my feet on the ground. I could not have hoped for a better place
to complete my doctorate degree, and I much look forward to our future
collaborations. Many thanks also to my co-supervisor, Anna Burvall, for
interesting discussions ranging from theory and teaching to life in general.

The past and present members of the Hard X-Ray Imaging group have
all contributed to a fantastic work environment. Tunhe Zhou, thank you
for welcoming me into the group and introducing me to phase contrast.
Ilian Häggmark, I am very glad to have shared courses, travels and trou-
bleshooting x-ray sources in the lab with you during our time as PhD stu-
dents. Working with you has always been straightforward and fun. Kian
Shaker and Giovanni Marco Saladino, thank you for bringing a cheerful at-
mosphere and new perspectives to the group. William Twengström and
Jakob Larsson, it has been a pleasure to learn from your experience in the
lab and I am very excited for our continued work.

Many thanks toHannaOhlin, Thomas Frisk andUlrich Vogt formaking
the Siemens star for characterisation of the nano-CT system.

I alsowish to thank everyone at BioX, formaking our corner of Albanova
such an open and warm environment, and for your great endurance during
this year of corona restrictions. I hope that things will soon be back to nor-
mal and that the fika discussions can be resumed.

To all collaborators, near and far – the exchange between our differ-
ent fields of research is what puts true value into this work. Salima Ikram,
thank you for your endless enthusiasm and encouragement. Emily Baird
and Vun Wen Jie, thank you for showing me a glimpse of how insects view
the world, and for inviting me to join your beamtime.

A warm thanks to all my friends and family, who help me keep balance
in life. Especially to my parents, Magnus and Carina, who have given me



58 | ACKNOWLEDGEMENTS

the courage to follow my own path and see where it leads. To my brothers,
Mikael and Daniel, for guidance, inspiration and many laughs.

Finally, to Sofia. You have given me endless love, support and encour-
agement throughout this journey and Iwould not bewhere I am todaywith-
out you. I love you, always.



BIBLIOGRAPHY | 59

Bibliography

[1] W. C. Röntgen, “Über eine neue Art von Strahlen”, Sitzungsberichte
der Physikalisch-Medizinischen Gesellschaft zu Würzburg (1895).

[2] G. N. Hounsfield, “Computerized transverse axial scanning (tomog-
raphy): Part I. Description of system”, British Journal of Radiology
46, 1016 (1973).

[3] J. Elliott and S. Dover, “X-ray microtomography”, Journal of Mi-
croscopy 126, 211 (1982).

[4] L. A. Feldkamp, S. A. Goldstein, M. A. Parfitt, G. Jesion, and
M. Kleerekoper, “The direct examination of three-dimensional bone
architecture in vitro by computed tomography”, Journal of Bone and
Mineral Research 4, 3 (1989).

[5] E. Hecht, Optics, Addison-Wesley, New York, USA (2002).

[6] H. Alturkistani, F. Tashkandi, and Z. Mohammedsaleh, “Histologi-
cal Stains: A Literature Review and Case Study”, Global Journal of
Health Science 8, 72 (2015).

[7] J. Iezzoni, “Diagnostic Histochemistry in Hepatic Pathology”, Semi-
nars in Diagnostic Pathology 35, 381 (2018).

[8] D. Wolfe, “6 - Tissue processing”, in S. K. Suvarna, C. Layton, and
J. D. Bancroft (editors), “Bancroft’s Theory and Practice of Histo-
logical Techniques (Eighth Edition)”, pages 73–83, Elsevier, eighth
edition (2019).

[9] V. Cnudde, B. Masschaele, H. De Cock, K. Olstad, L. Vlaminck,
J. Vlassenbroeck, M. Dierick, Y. Witte, L. Hoorebeke, and P. Jacobs,
“Virtual histology bymeans of high-resolution X-ray CT”, Journal of
Microscopy 232, 476 (2009).



60 | BIBLIOGRAPHY

[10] I. Zanette, T. Weitkamp, G. Le Duc, and F. Pfeiffer, “X-ray grating-
based phase tomography for 3D histology”, RSC Advances 3, 19816
(2013).

[11] R. Fischer, Y. Wu, P. Kanchanawong, H. Shroff, and C. M. Water-
man, “Microscopy in 3D: a biologist’s toolbox.”, Trends in Cell Biol-
ogy 21, 682 (2011).

[12] D. Richardson and J. Lichtman, “Clarifying Tissue Clearing”, Cell
162, 246 (2015).

[13] P. Ariel, “A beginner’s guide to tissue clearing”, The International
Journal of Biochemistry & Cell Biology 84 (2017).

[14] B. Dashevsky, T. D’Alfonso, E. Sutton, A. Giambrone, E. Aronowitz,
E. Morris, K. Juluru, and D. Ballon, “The Potential of High Reso-
lution Magnetic Resonance Microscopy in the Pathologic Analysis
of Resected Breast and Lymph Tissue”, Scientific Reports 5, 17435
(2015).

[15] D. Li, H. Hui, Y. Zhang, W. Tong, F. Tian, X. Yang, J. Liu, Y. Chen,
and J. Tian, “Deep Learning for Virtual Histological Staining of
Bright-Field Microscopic Images of Unlabeled Carotid Artery Tis-
sue”,Molecular Imaging and Biology 22, 1301 (2020).

[16] M. Siegbahn, “Relations between the K and L Series of the High-
Frequency Spectra”, Nature 96, 676 (1016).

[17] A. Muller, “A ”Spinning Target X-Ray Generator” and Its Input
Limit”, Proceedings of the Royal Society of London. Series A, Con-
taining Papers of aMathematical and Physical Character 125, 507
(1929).

[18] O. Hemberg, M. Otendal, and H. M. Hertz, “Liquid-metal-jet an-
ode electron-impact x-ray source”,Applied Physics Letters 83, 1483
(2003).

[19] D. Larsson, P. Takman, U. Lundström, A. Burvall, and H. Hertz, “A
24 keV liquid-metal-jet x-ray source for biomedical applications”,
The Review of Scientific Instruments 82, 123701 (2011).

[20] D. Attwood, Soft X-Rays and Extreme Ultraviolet Radiation: Prin-
ciples and Applications, Cambridge University Press, USA, 2nd edi-
tion (2016).

[21] H.Winick, G. Brown, K. Halbach, and J. Harris, “Wiggler and undu-
lator magnets”, Physics Today 34, 50 (1981).



BIBLIOGRAPHY | 61

[22] Diamond Light Source, “About Synchrotrons. https://www.
diamond.ac.uk/Home/About/FAQs/About-Synchrotrons.html”,
(2020).

[23] Lyncean Technologies Inc., “The Lyncean Compact Light Source
(CLS): A breakthrough in local, on-demand X-ray synchrotron light.
https://lynceantech.com/products/”, (2020).

[24] B. Hornberger, J. Kasahara, M. Gifford, R. Ruth, and R. Loewen,
“A compact light source providing high-flux, quasi-monochromatic,
tunable X-rays in the laboratory”, in A. Murokh and D. Spiga (ed-
itors), “Advances in Laboratory-based X-Ray Sources, Optics, and
Applications VII”, volume 11110, pages 1 – 13, International Society
for Optics and Photonics, SPIE (2019).

[25] B. Günther, R. Gradl, C. Jud, E. Eggl, J. Huang, S. Kulpe, K. Achter-
hold, B. Gleich, M. Dierolf, and F. Pfeiffer, “The versatile X-ray
beamline of the Munich Compact Light Source: Design, instrumen-
tation and applications”, Journal of Synchrotron Radiation 27,
1395 (2020).

[26] B. K. Agarwal, X-ray Spectrosocpy - An introduction, Springer-
Verlag Berlin Heidelberg GmbH, New York, 2nd edition (1991).

[27] J. H. Hubbell and S. M. Seltzer, “X-Ray Mass Attenuation Coeffi-
cients. NIST Standard Reference Database 126. https://www.nist.
gov/pml/x-ray-mass-attenuation-coefficients”, (2004).

[28] S. C. Mayo, P. R. Miller, S. W. Wilkins, T. J. Davis, D. Gao, T. E.
Gureyev, D. Paganin, D. J. Parry, A. Pogany, and A. W. Steven-
son, “Quantitative X-ray projection microscopy: phase-contrast and
multi-spectral imaging”, Journal of Microscopy 207, 79 (2002).

[29] G.-H. Chen, J. Zambelli, N. Bevins, Z. Qi, and k. li, “X-ray Phase
Sensitive Imaging Methods: Basic Physical Principles and Poten-
tial Medical Applications”, CurrentMedical Imaging Reviews 6, 90
(2010).

[30] J. L. Prince and J. M. Links,Medical Imaging Signals and Systems,
Pearson Education, Inc., Upper Saddle River, NJ, US, 2nd edition
(2015).

[31] J. Radon, “On the determination of functions from their integral
values along certain manifolds (translated)”, IEEE Transactions on
Medical Imaging 5, 170 (1986).

https://www.diamond.ac.uk/Home/About/FAQs/About-Synchrotrons.html
https://www.diamond.ac.uk/Home/About/FAQs/About-Synchrotrons.html
https://lynceantech.com/products/
https://www.nist.gov/pml/x-ray-mass-attenuation-coefficients
https://www.nist.gov/pml/x-ray-mass-attenuation-coefficients


62 | BIBLIOGRAPHY

[32] L. A. Feldkamp, L. C.Davis, and J.W.Kress, “Practical cone-beamal-
gorithm”, Journal of the Optical Society of America A 1, 612 (1984).

[33] W. Stiller, “Basics of Iterative ReconstructionMethods in Computed
Tomography: A Vendor-independent Overview”, European Journal
of Radiology 109, 147 (2018).

[34] S. W. Smith, The Scientist and Engineer’s Guide to Digital Signal
Processing, California Technical Publishing, USA (1997).

[35] A. Snigirev, I. Snigireva, V. Kohn, S. Kuznetsov, and I. Schelokov,
“On the possibilities of x-ray phase contrast microimaging by coher-
ent high-energy synchrotron radiation”, Review of Scientific Instru-
ments 66, 5486 (1995).

[36] S.Wilkins, T. Gureyev, D. Gao, A. Pogany, and A. Stevenson, “Phase-
Contrast Imaging Using Polychromatic Hard X-Rays”,Nature 384,
335 (1996).

[37] J.W. Goodman, Introduction to Fourier Optics, Roberts &Company
Publishers, Greenwood Village, CO, US, 3rd edition (2005).

[38] D. Paganin, S. C.Mayo, T. E. Gureyev, P. R.Miller, and S.W.Wilkins,
“Simultaneous phase and amplitude extraction from a single defo-
cused image of a homogeneous object”, Journal ofMicroscopy 206,
33 (2002).

[39] P. Cloetens, W. Ludwig, J. Baruchel, D. van dyck, J. Landuyt, J.-
P. Guigay, and M. Schlenker, “Holotomography: Quantitative phase
tomography with micrometer resolution using hard synchrotron ra-
diation x rays”, Applied Physics Letters 75, 2912 (1999).

[40] U. Bonse and M. Hart, “An X-Ray Interferometer”, Applied Physics
Letters 6, 155 (1965).

[41] C. David, B. Nöhammer, H. Solak, and E. Ziegler, “Differential phase
contrast imaging using a shering interferometer”, Applied Physics
Letters 81, 3287 (2002).

[42] A. Momose, S. Kawamoto, I. Koyama, Y. Hamaishi, K. Takai,
and Y. Suzuki, “Demonstration of X-Ray Talbot Interferometry”,
Japanese Journal of Applied Physics 42, L866 (2003).

[43] F. Pfeiffer, T. Weitkamp, O. Bunk, and C. David, “Phase retrieval
and differential phase-contrast imaging with low-brilliance X-ray
sources”, Nature Physics 2, 258 (2006).



BIBLIOGRAPHY | 63

[44] S. Cartier, M. Kagias, A. Bergamaschi, Z. Wang, R. Dinapoli,
A. Mozzanica, M. Ramilli, B. Schmitt, M. Brückner, E. Fröjdh,
D. Greiffenberg, D. Mayilyan, D. Mezza, S. Redford, C. Ruder,
L. Schädler, X. Shi, D. Thattil, G. Tinti, J. Zhang, and M. Stam-
panoni, “Micrometer-resolution imaging using MÖNCH: towards
G2-less grating interferometry”, Journal of Synchrotron Radiation
23, 1462 (2016).

[45] F. Pfeiffer, M. Bech, O. Bunk, P. Kraft, E. Eikenberry, C. Brönni-
mann, C. Grünzweig, and C. David, “Hard-X-ray dark-field imaging
using a grating interferometer”, Nature Materials 7, 134 (2008).

[46] M. Bech, A. Tapfer, A. Velroyen, A. Yaroshenko, B. Pauwels,
J. Hostens, P. Bruyndonckx, A. Sasov, and F. Pfeiffer, “In-vivo dark-
field and phase-contrast x-ray imaging”, Scientific Reports 3, 3209
(2013).

[47] K.Willer, A. Fingerle, L.Gromann, F.D.Marco, J.Herzen, K. Achter-
hold, B. Gleich, D.Muenzel, K. Scherer, M. Renz, B. Renger, F. Kopp,
F. Kriner, F. Fischer, C. Braun, S. Auweter, K. Hellbach, M. Reiser,
T. Schröter, J.Mohr, A. Yaroshenko, H.Maack, T. Pralow, H. van der
Heijden, R. Proksa, T. Köhler, N. Wieberneit, K. Rindt, E. Rum-
meny, F. Pfeiffer, and P. Noël, “X-ray dark-field imaging of the hu-
man lung—A feasibility study on a deceased body”, PLoS ONE 13
(2018).

[48] L. Gromann, F. De Marco, K. Willer, P. Noël, K. Scherer, B. Renger,
B. Gleich, K. Achterhold, A. Fingerle, D. Pfeiffer, S. Auweter, K. Hell-
bach, M. Reiser, A. Bähr, M. Dmochewitz, T. Schröter, F. Koch,
P. Meyer, D. Kunka, and J. Herzen, “In-vivo X-ray Dark-Field Chest
Radiography of a Pig”, Scientific Reports 7, 4807 (2017).

[49] G. S. Zimmermann, K. Willer, W. Noichl, T. Urban, M. Frank,
F. De Marco, R. Schick, B. Renger, A. Fingerle, H. Haut-
mann, B. Haller, P. Meyer, T. Koehler, R. Proksa, H.-I. Maack,
A. Yaroshenko, J. Von Berg, K. Rindt, D. Pfeiffer, E. Rummeny,
J.Herzen, andF. Pfeiffer, “Performance of the FirstDark-Field Chest
X-ray System on Patients”, European Respiratory Journal 56, 850
(2020).

[50] T. Thuering and M. Stampanoni, “Performance and optimization of
X-ray grating interferometry”, Philosophical Transactions. Series A,
Mathematical, Physical, and Engineering Sciences 372, 20130027
(2014).



64 | BIBLIOGRAPHY

[51] M. Viermetz, L. Birnbacher, M. Willner, K. Achterhold, F. Pfeif-
fer, and J. Herzen, “High resolution laboratory grating-based X-ray
phase-contrast CT”, Scientific Reports 8, 15884 (2018).

[52] M. Reichardt, M. Töpperwien, A. Khan, F. Alves, and T. Salditt,
“Fiber orientation in a whole mouse heart reconstructed by labora-
tory phase-contrast micro-CT”, in B. Müller and G. Wang (editors),
“Developments in X-Ray Tomography XII”, volume 11113, pages 159
– 173, International Society for Optics and Photonics, SPIE (2019).

[53] M. Töpperwien, M. Krenkel, D. Vincenz, F. Stöber, A. Oelschlegel,
J. Goldschmidt, and T. Salditt, “Three-dimensional mouse brain cy-
toarchitecture revealed by laboratory-based x-ray phase-contrast to-
mography”, Scientific Reports 7, 42847 (2017).

[54] K. Lesciotto, S. Motch Perrine, M. Kawasaki, T. Stecko, T. Ryan,
K. Kawasaki, and J. Richtsmeier, “Phosphotungstic acid-enhanced
microCT: Optimized protocols for embryonic and early postnatal
mice”, Developmental Dynamics 249, 573 (2020).

[55] V. Pai, M. Kozlowski, D. Donahue, E. Miller, X. Xiao, M. Chen, Z.-X.
Yu, P. Connelly, K. Jeffries, andH.Wen, “Coronary artery wall imag-
ing in mice using osmium tetroxide and micro-computed tomogra-
phy (micro-CT)”, Journal of Anatomy 220, 514 (2012).

[56] M. Busse, M. Müller, M. A. Kimm, S. Ferstl, S. Allner, K. Achter-
hold, J.Herzen, and F. Pfeiffer, “Three-dimensional virtual histology
enabled through cytoplasm-specific X-ray stain for microscopic and
nanoscopic computed tomography”, Proceedings of the National
Academy of Sciences 115, 2293 (2018).

[57] M. Müller, M. Kimm, S. Ferstl, S. Allner, K. Achterhold, J. Herzen,
F. Pfeiffer, andM. Busse, “Nucleus-specific X-ray stain for 3D virtual
histology”, Scientific Reports 8, 17855 (2018).

[58] J. Buytaert, J. Goyens, D. De Greef, P. Aerts, and J. Dirckx, “Volume
Shrinkage of Bone, Brain and Muscle Tissue in Sample Preparation
for Micro-CT and Light Sheet Fluorescence Microscopy (LSFM)”,
Microscopy and Microanalysis 20, 1 (2014).

[59] Excillum AB, “MetalJet D2+ 160 kV – The world’s brightest
home-lab X-ray source. https://www.excillum.com/products/
metaljet/metaljet-d2-160-kv/”, (2020).

https://www.excillum.com/products/metaljet/metaljet-d2-160-kv/
https://www.excillum.com/products/metaljet/metaljet-d2-160-kv/


BIBLIOGRAPHY | 65

[60] W. Vågberg, D. Larsson, M. Li, A. Arner, andH.Hertz, “X-ray phase-
contrast tomography for high-spatial-resolution zebrafish muscle
imaging”, Scientific reports 5, 16625 (2015).

[61] W. Vågberg, J. Persson, L. Székely, and H. Hertz, “Cellular-
resolution 3D virtual histology of human coronary arteries using x-
ray phase tomography”, Scientific Reports 8, 11014 (2018).

[62] M. Töpperwien, F. van der Meer, C. Stadelmann, and T. Salditt,
“Three-dimensional virtual histology of human cerebellum by X-ray
phase-contrast tomography”, Proceedings of the National Academy
of Sciences 115, 6940 (2018).

[63] Excillum AB, “NanoTube N1 60 kV – The highest resolution
home-lab X-ray source. https://www.excillum.com/products/
nanotube-3/”, (2020).

[64] M.Müller, I. de SenaOliveira, S. Allner, S. Ferstl, P. Bidola, K.Mech-
lem, A. Fehringer, L. Hehn, M. Dierolf, K. Achterhold, B. Gleich,
J. U. Hammel, H. Jahn, G. Mayer, and F. Pfeiffer, “Myoanatomy of
the velvet worm leg revealed by laboratory-based nanofocus X-ray
source tomography”, Proceedings of the National Academy of Sci-
ences 114, 12378 (2017).

[65] S. Ferstl, T. Schwaha, B. Ruthensteiner, L. Hehn, S. Allner,
M. Mueller, M. Dierolf, K. Achterhold, and F. Pfeiffer, “Nanoscopic
X-ray tomography for correlative microscopy of a small meiofaunal
sea-cucumber”, Scientific Reports 10, 3960 (2020).

[66] M. Eckermann, M. Töpperwien, A.-L. Robisch, F. van der Meer,
C. Stadelmann, and T. Salditt, “Phase-contrast x-ray tomography of
neuronal tissue at laboratory sources with submicron resolution”,
Journal of Medical Imaging 7, 1 (2020).

[67] Carl Zeiss Microscopy GmbH, “ZEISS Xradia 520 Versa
Submicron X-ray Imaging: Extending the Limits of
Your Exploration. https://www.zeiss.com/content/dam/
Microscopy/us/download/pdf/Products/xradia520versa/
xradia-520-versa-product-information.pdf”, (accessed 2021).

[68] Paul Scherrer Institute, “TOMCAT - X02DA: Tomographic Mi-
croscopy. https://www.psi.ch/en/sls/tomcat”, (accessed 2021).

[69] R. Mokso, D. Schwyn, S. Walker, M. Doube, M. Wicklein, T. Müller,
M. Stampanoni, G. Taylor, and H. Krapp, “Four-dimensional in vivo

https://www.excillum.com/products/nanotube-3/
https://www.excillum.com/products/nanotube-3/
https://www.zeiss.com/content/dam/Microscopy/us/download/pdf/Products/xradia520versa/xradia-520-versa-product-information.pdf
https://www.zeiss.com/content/dam/Microscopy/us/download/pdf/Products/xradia520versa/xradia-520-versa-product-information.pdf
https://www.zeiss.com/content/dam/Microscopy/us/download/pdf/Products/xradia520versa/xradia-520-versa-product-information.pdf
https://www.psi.ch/en/sls/tomcat


66 | BIBLIOGRAPHY

X-ray microscopy with projection-guided gating”, Scientific Reports
5, 8727 (2015).

[70] M. R. Teague, “Deterministic phase retrieval: a Green’s function so-
lution”, Journal of the Optical Society of America 73, 1434 (1983).

[71] M. Beltran, D. Paganin, K. Uesugi, and M. Kitchen, “2D and 3D X-
ray phase retrieval of multi-material objects using a single defocus
distance”, Optics Express 18, 6423 (2010).

[72] M. Ullherr and S. Zabler, “Correcting multi material artifacts from
single material phase retrieved holo-tomograms with a simple 3D
Fourier method”, Optics Express 23, 32718 (2015).

[73] I. Häggmark, W. Twengström, H. Hertz, and A. Burvall, “Com-
parison of quantitative multi-material phase-retrieval algorithms in
propagation-based phase-contrast X-ray tomography”, Optics Ex-
press 25, 33543 (2017).

[74] F. Boas and D. Fleischmann, “CT artifacts: Causes and reduction
techniques”, Imaging in Medicine 4, 229 (2012).

[75] R. Chityala, K. Hoffmann, S. Rudin, and D. Bednarek, “Artifact re-
duction in truncated CT using Sinogram completion”, Proceedings
- Society of Photo-Optical Instrumentation Engineers 5747, 2110
(2005).

[76] H. Yu, Y. Ye, and G. Wang, “Interior tomography: theory, algo-
rithms and applications”, in S. R. Stock (editor), “Developments in
X-Ray Tomography VI”, volume 7078 of Society of Photo-Optical
Instrumentation Engineers (SPIE) Conference Series, page 70780F
(2008).

[77] N. Maass, M. Knaup, and M. Kachelrieß, “New approaches to re-
gion of interest computed tomography”,Medical Physics 38, 2868
(2011).

[78] F. Marone and M. Stampanoni, “Regridding reconstruction algo-
rithm for real-time tomographic imaging”, Journal of Synchrotron
Radiation 19, 1029 (2012).

[79] A. Burvall, U. Lundström, P. A. C. Takman, D. H. Larsson, andH.M.
Hertz, “Phase retrieval in X-ray phase-contrast imaging suitable for
tomography”, Optics Express 19, 10359 (2011).



BIBLIOGRAPHY | 67

[80] U. Lundström, D. Larsson, A. Burvall, P. Takman, L. Scott, H. Bris-
mar, and H. Hertz, “X-ray phase contrast for CO2 microangiogra-
phy”, Physics in Medicine and Biology 57, 2603 (2012).

[81] T. Zhou, U. Lundström, T. Thüring, S. Rutishauser, D. H. Larsson,
M. Stampanoni, C. David, H. M. Hertz, and A. Burvall, “Compari-
son of two x-ray phase-contrast imaging methods with a microfocus
source”, Optics Express 21, 30183 (2013).

[82] A. C. Aufderheide, The scientific study ofmummies, CambridgeUni-
versity Press, Cambridge, England (2011).

[83] W. König, 14 Photographien mit Röntgen-Strahlen, Aufgenommen
im Physikalischen Verein zu Frankfurt a. M., Barth, Leipzig, Ger-
many (1896).

[84] L. McKnight, S. Atherton-Woolham, and J. Adams, “Imaging of An-
cient Egyptian Animal Mummies”, RadioGraphics 35, 2108 (2015).

[85] A. C. Aufderheide and C. Rodrígues-Martín, The Cambridge ency-
clopedia of human paleopathology, Cambridge University Press,
Cambridge, England (2011).

[86] L. M. Öhrström, H. von Waldburg, P. Speier, M. Bock, R. E. Suri,
and F. J. Rühli, “Scenes from the Past: MR Imaging versus CT of
Ancient Peruvian and Egyptian Mummified Tissues”, RadioGraph-
ics 33, 291 (2013).

[87] L. Öhrström, A. Bitzer, M. Walther, and F. Ruhli, “Technical Note:
Terahertz Imaging of AncientMummies and Bone”, American Jour-
nal of Physical Anthropology 142, 497 (2010).

[88] J. Scales andM. Butler, “The relationship betweenmicrohabitat use,
allometry, and functional variation in the eyes of Hawaiian Megala-
grion damselflies”, Functional Ecology 30, 356 (2015).

[89] R. Winfree, R. Aguilar, D. P. Vázquez, G. LeBuhn, and M. A. Aizen,
“A meta-analysis of bees’ responses to anthropogenic disturbance”,
Ecology 90, 2068 (2009).

[90] J. Marshman, A. Blay-Palmer, and K. Landman, “Anthropocene Cri-
sis: Climate Change, Pollinators, and Food Security”, Environments
6, 22 (2019).

[91] N. Linander, M. Dacke, and E. Baird, “Bumblebees measure optic
flow for position and speed control flexibly within the frontal visual
field”, The Journal of Experimental Biology 218, 1051 (2015).



68 | BIBLIOGRAPHY

[92] G. Bernard and D. Stavenga, “Spectral sensitivities of retinular cells
measured in intact, living bumblebees by an opticalmethod”,Natur-
wissenschaften 65, 442 (1978).

[93] E. Baird and G. Taylor, “X-ray micro computed-tomography”, Cur-
rent Biology 27, R289 (2017).

[94] G. Taylor, P. Tichit, M. Schmidt, A. Bodey, C. Rau, and E. Baird,
“Bumblebee visual allometry results in locally improved resolution
and globally improved sensitivity”, eLife 8, e40613 (2019).

[95] C. Are, M. Gonen, K. Zazzali, R. Dematteo, W. Jarnagin, Y. Fong,
L. Blumgart, and M. D’Angelica, “The Impact of Margins on Out-
come After Hepatic Resection for Colorectal Metastasis”, Annals of
Surgery 246, 295 (2007).

[96] T. Pawlik and J.-N. Vauthey, “Surgical Margins during Hepatic
Surgery for Colorectal Liver Metastases: Complete Resection not
MillimetersDefinesOutcome”,Annals of Surgical Oncology 15, 677
(2008).

[97] A. Westgaard, S. Tafjord, I. Farstad, M. Cvancarova, T. Eide,
Ø. Mathisen, O. P. Clausen, and I. Gladhaug, “Resectable adenocar-
cinomas in the pancreatic head: The retroperitoneal resection mar-
gin is an independent prognostic factor”, BMC Cancer 8, 5 (2008).

[98] W. Vågberg, J. C. Larsson, and H. M. Hertz, “Removal of ring ar-
tifacts in microtomography by characterization of scintillator varia-
tions”, Optics Express 25, 23191 (2017).

[99] B. Münch, P. Trtik, F. Marone, and M. Stampanoni, “Stripe and ring
artifact removal with combinedwavelet-Fourier filtering”,Optics ex-
press 17, 8567 (2009).

[100] N. T. Vo, R. Atwood, and M. Drakopoulos, “Superior techniques for
eliminating ring artifacts in X-ray micro-tomography”, Optics Ex-
press 26, 28396 (2018).

[101] Y. Zhu, M. Zhao, H. Li, and P. Zhang, “Micro-CT artifacts reduction
based on detector randomshifting and fast data inpainting”,Medical
Physics 40, 031114 (2013).

[102] V. Van Nieuwenhove, J. De Beenhouwer, F. Carlo, L. Mancini,
F. Marone, and J. Sijbers, “Dynamic intensity normalization using
eigen flat fields in X-ray imaging”,Optics Express 23, 27975 (2015).



BIBLIOGRAPHY | 69

[103] M. Preissner, R. Murrie, I. Pinar, F. Werdiger, R. Carnibella,
G. Zosky, A. Fouras, and S. Dubsky, “High resolution propagation-
based imaging system for in vivo dynamic computed tomography
of lungs in small animals”, Physics in Medicine and Biology 63,
08NT03 (2018).






