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Abstract 

Even though the validity of x-ray computed tomography in the analysis of biomedical 
samples is nowadays undisputed, the more recent imaging techniques and more 
advanced instruments (such as synchrotrons) are still relatively unknown to many 
medical doctors that could benefit from them. 

The doctoral work presented in this thesis joins a collective effort from the imaging 
community to demonstrate potential applications of advanced x-ray and neutron 
imaging methods to preclinical medical research, with the hope of contributing to reach 
a “critical mass” in the medical community and in the public opinion as well. 

Two main lines of work are detailed, one focused on the ex vivo evaluation of 
corrosion processes of magnesium-based biodegradable implants for osteosynthesis, the 
other dedicated to the assessment of neuropathy in human gastroenteric dysmotility. 
The aimed endpoint was to develop pipelines, from image acquisition all the way to 
data quantification, that could be used by other research groups with similar questions 
and may inspire future interdisciplinary collaborations between medicine, natural 
science and engineering. 

In the first line of work, we have attempted to employ synchrotron-radiation micro-
computed tomography (μCT) coupled with in situ loading tests to assess the mechanical 
properties of the bone-implant interface (Paper I). We have revealed the crucial 
importance of the radiation dose deposited on the sample, and that the mechanical 
loading geometry should be accurately determined in the planning steps of the 
experiment. Moving away from the mechanical testing, we have also explored a novel 
three-dimensional analysis of the corrosion by-products of biodegradable implants by 
combining x-ray μCT, neutron μCT and x-ray elemental mapping (Papers IV and V).  

The second line of work has assessed the potential of x-ray phase-contrast μCT and 
nano-resolution holotomography as ways to perform virtual histology of unstained 
peripheral and autonomic neural tissue. In full-thickness biopsies of the myenteric 
nervous system, qualitative and potentially quantitative differences have been shown 
between controls and patients affected by gastrointestinal dysmotility (Paper II). In 
unstained skin biopsies, the methods have failed to visualise peripheral nerves, but we 
could identify structural changes in the connective tissue of some patients when 
compared to controls and other patients (Paper III). 
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Popular science abstract 

If you have ever had an injury, or problems with your teeth, your doctor has most 
probably asked to perform an x-ray radiographic scan on the interested area. This is an 
imaging technique which produces a picture of the internal structures of your body, by 
exploiting the ability of x-rays to penetrate through matter. If a radiography is not 
enough to reach a conclusion, maybe because the features are overlapping in the image, 
a more advanced x-ray imaging technique, called computed tomography (CT), can also 
be used. CT produces three-dimensional digital images of the inner structures of your 
body, which can then be checked from different angulations on a computer and used 
for a more accurate diagnosis by the doctors. 

Aside from the use in the hospital, x-ray imaging is also employed in research, where 
new techniques are constantly being developed. Some of these methods are showing a 
lot of promise for biomedical research. For instance, x-ray microscopy techniques can 
allow to perform CT with very high magnification, which could help understanding 
the inner workings of organs or diseases down to the cellular level. X-ray elemental 
mapping can reveal the elemental composition of tissue, tracking for example metal 
contamination. Neutron CT is also being explored as an alternative to x-ray CT, since 
neutrons penetrate through matter in a different way compared to x-rays. Despite the 
potential, most of these techniques are still relatively unknown by medical doctors that 
could benefit from them, because they are seen as still too niche and complicated. 

The work presented in this thesis joins a collective effort from the imaging 
community to demonstrate potential applications of advanced x-ray and neutron 
imaging methods to preclinical medical research, with the hope of contributing to reach 
a “critical mass” in the medical community and in the public opinion as well, after 
which the methods will be more broadly recognised and embraced.  

Two main lines of work are here detailed. A first one has focused on the study of 
biodegradable metals for bone healing, that could potentially be used for repairing 
fractures or for dental applications. Biodegradable implants, which dissolve into 
biocompatible products over time, could avoid the need of second surgery for removal 
after the bone has healed. However, understanding the corrosion processes is important 
to regulate the degradation speed, so that the implant does not dissolve too early. In 
this doctoral work, advanced x-ray and neutron techniques have been used to improve 
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the current knowledge about some promising biodegradable materials, which could 
lead to the design of better ones in the future. A second line of work presented in this 
thesis has instead explored the potential of x-ray high-magnification microscopy in the 
study of gastrointestinal diseases. We have demonstrated that with these techniques we 
can observe differences in the enteric nervous system (the nervous system that regulates 
the functioning of the gastrointestinal tract) between healthy subjects and patients 
affected by gastrointestinal diseases. While this could be seen with optical microscopes 
as well, the advantage of x-ray techniques is that they can provide information in three-
dimensions and in a faster way compared to traditional methods. In the future, this 
could open up the use of x-ray imaging for diagnostic purposes in severe cases of 
gastrointestinal disease. 
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Abstract divulgativo 

Se avete mai avuto un infortunio o problemi ai denti, molto probabilmente il vostro 
medico avrà richiesto di eseguire una scansione radiografica a raggi X sull'area 
interessata. Questa è una tecnica cosiddetta di “imaging”, che produce un'immagine 
delle strutture interne del corpo sfruttando la capacità dei raggi X di penetrare attraverso 
i tessuti. Se una radiografia non è sufficiente per giungere ad una diagnosi accurata, 
magari perché i dettagli si sovrappongono nell'immagine, una tecnica di imaging a raggi 
X più avanzata,  chiamata tomografia computerizzata (TC, o anche TAC), può aiutare 
a vederci più chiaro. La TC produce immagini digitali tridimensionali dell’anatomia 
interna, che possono essere controllate da diverse angolazioni tramite computer e 
utilizzate per una diagnosi più accurata dai medici.  
Oltre all'uso in ospedale, l'imaging a raggi X viene impiegato anche nella ricerca, dove 
nuove tecniche vengono costantemente sviluppate. Alcuni di questi metodi si stanno 
dimostrando molto promettenti per la ricerca biomedica. Ad esempio, le tecniche di 
microscopia a raggi X possono consentire di eseguire TC con ingrandimenti molto 
elevati, che potrebbero aiutare a comprendere il funzionamento interno di organi o 
malattie al livello cellulare. La spettroscopia a raggi X può rivelare la composizione 
chimica dei tessuti, tracciando ad esempio metalli e contaminanti esterni. In alcuni casi, 
la tomografia a neutroni sta venendo anche esplorata come possibile alternativa alla TC 
a raggi X, poiché i neutroni penetrano attraverso la materia in modo diverso rispetto ai 
raggi X. 
Nonostante il potenziale, molte di queste tecniche sono relativamente sconosciute ai 
ricercatori medici che potrebbero trarne beneficio, perché sono viste come ancora 
troppo di nicchia e complicate. Il lavoro presentato in questa tesi si inquadra in uno 
sforzo collettivo da parte della comunità di imaging per dimostrare potenziali 
applicazioni alla ricerca medica preclinica di metodi avanzati di imaging a raggi X e 
neutroni. La speranza sarebbe di contribuire a raggiungere una "massa critica" nella 
comunità medica e anche nell'opinione pubblica, in seguito alla quale i metodi qui 
presentati possano essere più ampiamente riconosciuti e abbracciati.  
Due applicazioni in particolare vengono qui presentate. La prima si è incentrata sullo 
studio di metalli biodegradabili per l’osteosintesi, che potrebbero essere potenzialmente 
utilizzati per la riparazione di fratture o per applicazioni dentali. Impianti 
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biodegradabili, che si dissolvono nel tempo in prodotti biocompatibili, potrebbero 
evitare la necessità di un secondo intervento chirurgico a fini di rimozione dopo la 
guarigione dell'osso. Tuttavia, la comprensione dei processi di corrosione è 
fondamentale per regolarne la velocità, in modo che l'impianto non si dissolva troppo 
presto. In questo lavoro di dottorato sono state utilizzate tecniche avanzate di imaging 
a raggi X e neutroni per migliorare le attuali conoscenze riguardo alcuni promettenti 
materiali biodegradabili, il che potrebbe portare alla progettazione di materiali ancora 
migliori in futuro. Un secondo ambito di ricerca, presentato in questa tesi, ha invece 
esplorato le potenzialità della microscopia a raggi X ad alto ingrandimento nello studio 
delle malattie gastrointestinali. Abbiamo dimostrato che con queste tecniche è possibile 
osservare differenze nel sistema nervoso enterico (che regola il funzionamento del tratto 
gastrointestinale) tra soggetti sani e pazienti affetti da malattie gastrointestinali. Sebbene 
ciò possa essere stabilito anche con i microscopi ottici, il vantaggio delle tecniche a raggi 
X è che possono fornire informazioni in tre dimensioni e in modo più rapido rispetto 
ai metodi tradizionali. In futuro, questo potrebbe aprire l'uso dell'imaging a raggi X per 
scopi diagnostici nei casi di malattie gastrointestinali più gravi.  
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1 

Preface 

Projects very rarely develop as linearly as planned, especially in Academia, and my 
doctoral experience has been no exception. This will inevitably be reflected in the 
structure of the doctoral thesis itself, which is invested with the onerous task of 
collecting quite disparate and scattered projects and finding a common structure under 
which to accommodate them all. 

This preamble aims at briefly providing some context for the resulting structure of 
the thesis and clarifying the link between the different parts, which is very closely 
connected to the chronological development of my research. 

When I first began my doctoral work, I was hired as part of the so-called 
SynchroLoad project, within the Röntgen-Ångström Cluster (a Swedish-German 
research collaboration). In its inception, the main scope of the project, which will be 
further detailed in Chapter 2, was to assess corrosion behaviour and mechanical 
properties of biodegradable bone-implants by means of synchrotron radiation micro-
computed tomography and in situ mechanical testing. While the project was extremely 
valuable in immediately providing me with hands-on experience in the wide basics of 
x-ray tomography, essentially laying the foundations for what was to come later, a series 
of experimental setbacks in the beginning of the project prevented us from carrying out 
significant research for the first year/year and a half of my involvement. When we finally 
managed to acquire datasets on which I could perform further analyses, however, a 
crucial underestimation of the radiation damage induced on the samples came to light, 
compromising the validity of the mechanical testing. As detailed in Chapter 2, the 
radiation damage was found to be significant enough to put the mechanical testing side 
of the project on hold until lower dose scanning could be possible. The findings up to 
that point were grouped in Paper I of this thesis, and my involvement with the project 
was put on hiatus. 

While I was waiting for experimental results from the SynchroLoad project, and 
obviously even more so after the developments leading to Paper I, I started getting 
involved in other projects related to the application of synchrotron radiation micro-
computed tomography to biomedical samples. While several of these side-projects 
began as departmental duties, with the only aim of providing support to groups with a 
strictly medical background, my contribution was usually crucial to enable or speed up 
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the data analysis and some of these partnerships developed into deeper collaborations. 
Chapter 3 introduces a selected project, focused on the analysis of neuropathy in human 
gastroenteric dysmotility, which has resulted in Paper II and Paper III. Other 
collaborations have targeted lung diseases, congenital heart diseases or the interaction 
between bone and several types of permanent implants; some of them have resulted in 
papers, which are listed among the ones not included in this thesis. A common 
characteristic of most of these studies was a focus on coupling high-resolution x-ray 
tomography with traditional histology, in an effort to promote the use of three-
dimensional virtual histology as a powerful integration to the already very well affirmed 
two-dimensional histology and immunostaining techniques.  

While virtual histology provides the obvious advantage of an additional spatial 
dimension, it cannot provide the functional separation between the different tissue 
components that can be achieved by tailored immunostaining. In some of these 
projects, we started exploring other types of imaging modalities that could obtain 
information outside the realm of histology; fluorescence-based imaging in particular, 
such as x-ray fluorescence, appeared promising to provide elemental composition of the 
tissue in exam. We also began looking at neutron tomography as a potential alternative 
to x-ray tomography when dealing with highly x-ray absorbing metal implants. My 
interest in multimodal methods deepened, and I wondered whether we could explore 
some of these techniques for the SynchroLoad samples as well. 

The occasion presented itself when, during a neutron imaging course, I was asked to 
draft a mock-up beamtime proposal and I picked the SynchroLoad samples as my case 
of choice; after encouragement about feasibility by the course organizers, I submitted 
the proposal to a real facility and managed to obtain beamtime. In very practical and 
simple terms, x-rays are usually highly attenuated by metals and poorly attenuated by 
biological tissue; neutrons present an opposite behaviour, traversing metals with low 
effort (aside from a few exceptions, as will be shown) and being heavily attenuated by 
biological material. Intuitively, a combination of the two techniques would appear as a 
perfect tool to study biodegradable metals, such as the ones in the SynchroLoad project. 
Chapter 4 provides more details about this line of work, which has so far culminated 
in Paper IV and Paper V and appears very promising for the future.  
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Introduction 

Imaging can be defined as the process of making a visual representation of an object by 
using a probing radiation and a detecting and capturing system. As a natural and 
immediate example, one could think about human vision, in which electromagnetic 
radiation in the visible spectrum is reflected or refracted by an object, passes through 
the lens of the eye and is detected by the retina, to be then processed and stored by the 
brain.  

Historically, imaging has been limited to visible light for most of human history, 
with the progressive discovery of methods that could project images, such as the 
“camera obscura”, optical systems that would push the boundaries of what could be 
observed, like telescopes and microscopes, and finally ways to create durable images, 
with the invention of photography. 

A paradigm shift happened in November 1895, with Röntgen’s first discovery of a 
“new” type of radiation, which he called x-rays (Röntgen, 1895, Röntgen, 1896). This 
mysterious radiation had the ability to pass through many materials that absorb visible 
light, as Röntgen himself demonstrated by taking an x-ray picture of his wife’s hand on 
a photographic plate (Figure I-A). 

Just a few months after the discovery, scientists and physicians started to explore the 
clinical potential of what is today known as radiography (Frost, 1896). The new 
technique allowed to assess skeletal trauma and identify foreign objects in the body in 
ways that had not previously been possible. As such, many initial applications of 
radiography were in military medicine: a particularly famous example that comes to 
mind is Marie Curie and her petites Curies, small radiography units employed on the 
battlefield during World War I (Figure I-B). Outside of the military, the mass 
production of x-ray tubes helped to spread the technique all over the world in a very 
short time. X-ray radiography was used, and still is today, in orthopaedics, surgery 
planning, detection of lung lesions (such as tuberculosis), oncology. 

The main limit of radiography is that, since it is acquired by having x-rays pass 
through the object in exam, it cannot distinguish features which are overlapping in the 
projection plane. A basic solution to this issue is to perform radiographies while varying 
the angle of the object with respect to source and detector, in what is called focal plane 
tomography.  
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Figure I: Examples of evolution of x-ray imaging. 
A – The bones of a hand with a ring on one finger, viewed through x-ray. Photoprint from radiograph by W.K. 
Röntgen, 1895. Wellcome Collection (CC BY-NC 4.0). B – Radiological car Massiot; mobile radiological unit, in 
service of the French Army and the Red Cross. November 1914. Bibliothèque nationale de France, département 
Estampes et photographie (Etalab open licence). C – Clinical CT scanner. Image by user Bokskapet from Pixabay 
(Pixabay licence). D – Aerial photo of the synchrotron MAX IV in Lund, Sweden. August 2018. Photo by Perry 
Nordeng. Lund University Image and Media bank. E – A laboratory setup for x-ray µCT. Photo courtesy of Till Dreier. 

First examples of this tomographic concept are traced back to 1914 (Webb, 1990, 
Webb, 1995), and the technique was independently developed in the 1920s and 1930s 
by several scientists (Webb, 1990, Webb, 1995), affirming even more the use of x-rays 
in the medical field. 

The fundamental next step in medical imaging came with the advent of digitization, 
following the invention of digital image sensors in the 1960s, which enabled the use of 
computers in order to easily perform complex mathematical operations on the acquired 
images. This is ultimately what has led to the introduction, by Hounsfield and 
Cormack in 1972, of x-ray computed tomography (CT) (Hounsfield, 1973), a 
technique which allows to obtain three-dimensional (3D) digital images of an object 
after acquiring digital radiographies at different angles. X-ray CT is nowadays one of 
the most used techniques in clinical diagnostic (Figure I-C) and is constantly being 
improved by advancements in hardware (new sources and detectors) and methods 
(helicoidal tomography and multi-slice CT come to mind). Aside from x-rays, other 
types of probing radiation have also been added to the roster of medical imaging, such 
as radio waves (in magnetic resonance imaging), gamma rays (in single-photon emission 
CT and positron emission tomography) or ultrasounds. 

Beside the applications to the clinic, however, imaging has seen steady progress in 
scientific research as well, where the boundaries have been pushed even further, without 
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the obvious constraints imposed by approval for clinical use. In the field of x-ray 
imaging, the introduction of synchrotron light sources from the 1970s onward has 
provided x-ray light with unparalleled brilliance (a parameter which describes both 
brightness and angular spread of the beam), coherence, and energy tunability. This has 
paved the way to constant improvements in x-ray microscopy (Kirz and Jacobsen, 
2009), to the point that several imaging techniques available today are pushing the 
spatial resolution to the diffraction limit of a few nanometres (Pfeiffer, 2018). Different 
ways in which x-rays interact with matter have also been exploited, providing alternative 
contrast mechanisms to the traditional x-ray attenuation, such as in x-ray phase-
contrast imaging (Paganin, 2006). While many of these techniques were originally 
limited to synchrotron facilities (Figure I-D), of relatively restricted access, the constant 
improvement of laboratory x-ray sources has also gradually introduced them to 
laboratory setups as well (Wilkins et al., 2014, Tuohimaa et al., 2007, Zanette et al., 
2014) (Figure I-E). 

 Several of these advanced x-ray imaging techniques have shown great potential for 
biomedical research. For example, x-ray phase-contrast imaging has opened the use of 
x-rays to study soft tissues, commonly regarded as too weakly attenuating for the use of 
standard x-ray CT. Potential applications have been shown both in preclinical research 
(Thomlinson et al., 2005, Pfeiffer et al., 2013) and even in clinical diagnostic (Bravin 
et al., 2012), especially applied to mammography (Stampanoni et al., 2011, Zhao et 
al., 2012). Laboratory-based systems for micro-resolution computed tomography 
(μCT) have been used for the study of small animal models, for example in cancer 
research (Paulus et al., 2000) or in the evaluation of dental implants (Vandeweghe et 
al., 2013). When combined with phase-contrast, high-resolution x-ray imaging has the 
potential to evaluate the inner workings of organs or diseases down to the cellular level, 
in what could possibly rival or at least complement traditional histological analyses 
(Khimchenko et al., 2018, Töpperwien et al., 2018, Albers et al., 2018). Aside from x-
ray imaging, other kinds of imaging, historically developed for material science, are also 
gaining increasing appeal for biomedical studies. X-ray elemental mapping for example 
can reveal the elemental composition of tissue, useful to study calcifications or the 
distribution of metals, either naturally occurring or coming from external 
contamination (Pushie et al., 2014, Scimeca et al., 2018). Neutron CT is also being 
explored as an alternative to x-ray CT, since neutrons penetrate through matter in a 
different way compared to x-rays, with possible applications to the study of metal 
implants in bone (Isaksson et al., 2017).  

Despite their great potential for the study of biomedical samples, most of these 
techniques are however still relatively obscure to the medical community as a whole. 
The most significant limiting factor in this sense is that big facilities, and the data 
analysis required to deal with the datasets that they produce, are far outside the comfort 
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zone of professionals who very seldomly are trained in radiation physics, advanced math 
and coding. Even though synchrotron facilities are starting to provide at the very least 
some data reconstruction, data analysis is typically left to the user. The same is true for 
experimental laboratory setups, which are normally not user friendly at all and require 
collaborations between the physicists who design, build and operate the instrument and 
the medical doctors who provide the samples. All of this limits the access to these 
instruments to only a restricted number of medical research groups who are already in 
collaborations with physics groups or have within them somebody already familiar and 
trained in tomographic techniques. Others, who could draw great benefit from 
advanced x-ray imaging techniques in their research, are usually unaware of the 
developments of x-ray tomography outside of clinical CT machines or, even if aware, 
will probably have a hard time to access it. In order to encourage a broader medical 
interest into these techniques, it is important to increase the number of potential 
applications, in the hope to reach a “critical mass” in the medical community and in 
the public opinion as well. 

The main focus of the present doctoral work has been to try and bridge this gap 
between “instruments and methods developers” and “samples and questions providers” 
by joining collaborations with different medical groups in the Malmö and Lund area, 
in order to show them the potential of some of these methods for preclinical studies 
and aid them in the process. The aimed endpoint was to develop pipelines, from image 
acquisition all the way to data quantification, that could be used by every other research 
group with similar questions. 

Aside from state-of-the-art x-ray imaging, which has been applied to the study of 
biodegradable implants for bone (Papers I, IV and V) and to the assessment of 
neuropathy in gastrointestinal dysmotility (Papers II and III), a significant part of this 
thesis work was also dedicated to exploring the potential of alternative imaging 
techniques, i.e. neutron micro-computed tomography and x-ray elemental mapping, as 
complementary methods to x-ray tomography (Papers IV and V). 

The outline of the thesis is the following: Chapter 1 will provide a brief overview of 
the techniques encountered during this doctoral work, from image production to 
quantification; Chapters 2-4 will introduce the included papers (I to V), providing their 
medical background, which is integral to their novelty, and more specific technical 
details; Chapter 5 will add some concluding remarks and an outlook to future possible 
developments. 
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1 Theory 

“Either this is madness or it is Hell.”  
“It is neither,” calmly replied the voice of the Sphere, “it is Knowledge;  

it is Three Dimensions: open your eye once again and try to look steadily.” 
― Edwin A. Abbott, Flatland: A Romance of Many Dimensions 

 
This Chapter will quickly describe the techniques used in the present work, with no 
pretence of exhaustivity. A first part will be dedicated to the acquisition of x-ray and 
neutron CT images, a second one to CT image analysis. X-ray elemental mapping 
techniques, which have been used in Papers IV and V, differ in several ways from the 
other two methods and as such will be described in a separate section at the end of the 
Chapter. 

1.1 Tomographic image acquisition 

This part will go through all the steps that are necessary to produce an x-ray or neutron 
tomography image of an object. 

1.1.1 X-ray and neutron production and detection 

In order to acquire images with any kind of probe, the obvious first step is having the 
means of producing and detecting it. 

X-ray generation is commonly achieved from high-energy electrons. A first method 
is to have the electrons impact on a material, which generates x-ray emission from both 
the electrons and the material itself. This is at the basis of the so-called electron-impact 
x-ray sources. A second method is to have the electrons accelerate in a magnetic field, 
which causes the electrons themselves to emit x-rays. This is what is done at synchrotron 
radiation facilities.  
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Figure 1-1: Examples of x-ray sources used in this work. 
A – a rotating anode source, in which the anode is a solid metal disk that continuosly rotates for better heat 
dissipation. B – a liquid-metal jet source, in which the anode is continuosly regenerated and is already in a molten 
state, enabling the use of higher electron-beam power and reducing the x-ray spot size. C – a synchrotron light 
source; after being accelerated to relativistic speeds, electrons are kept in a circular closed orbit by bending magnets 
(BM), which deflect them, and radiofrequency systems (RF system) which restore their energy to keep it constant. 
Synchrotron radiation is produced when the electrons pass through the BM, or through special insertion devices (ID). 
The x-rays are then sent to a beamline, where they are shaped for the need of the experimental station by a series of 
optical systems. Figures A and B adapted from (Salditt and Töpperwien, 2020) (open access CC BY 4.0), Figure C 
reprinted from (Uruga, 2017) by permission from Springer Nature © 2017. 

Electron-impact x-ray sources were historically the first x-ray sources to be developed 
(Röntgen’s cathode-ray tube was a simple example of an electron-impact source). In 
them, electrons produced by a heated cathode are accelerated by a high voltage until 
they hit an anode. The abrupt deceleration of the electrons will produce x-ray 
bremsstrahlung emission. Furthermore, some of the electrons will also ionize atoms in 
the anode, with emission of characteristic x-rays. Electron-impact sources have come a 
long way since Röntgen’s first experiments (Ammann and Kutschera, 1997), with a 
series of improvements mainly aimed at reducing the emission spot size (which today 
can be as low as a few microns) and increasing the power (Figure 1-1A and 1-1B). Most 
of them are small enough to fit on a tabletop, inside of medical devices or in special 
cases even in handheld instruments. 

In synchrotron radiation facilities (Figure 1-1C), electrons are kept circulating at 
constant relativistic speed in a storage ring. In order to keep the electrons in a closed 
orbit, bending magnets are placed at certain places along the ring. When they pass in a 
bending magnet, electrons will be accelerated by the magnetic field and produce x-rays; 
since they are traveling at relativistic speeds, the emission will be mostly in the forward 
direction, tangential to the ring. Specialized insertion devices such as wigglers or 
undulators can also be placed in the straight sections of the storage ring. In these devices 
an alternating magnetic field forces the electrons to follow oscillating paths rather than 
moving in a straight line. The ending results is again emission of x-rays, with different 
properties when compared the ones emitted by a bending magnet. In correspondence 
to the bending magnets or the insertion devices, the produced x-ray radiation is 
“captured” by a beamline, a series of elements that will condition the x-ray beam and 
deliver it to an experimental end station, where it will be used for different scientific 
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experiments. Compared to electron-impact sources, synchrotrons can deliver x-rays 
with much higher brilliance, coherence, tunable monochromaticity and tunable 
polarization. Synchrotron radiation sources are exhaustively described in many 
textbooks, see e.g. Willmott “An Introduction to Synchrotron Radiation: Techniques 
and Applications” (Willmott, 2011). 

Neutron generation is significantly harder than x-ray generation. In this work, the 
only sources of neutrons that have been used were nuclear fission research reactors. 
They work in the same way as nuclear power plants, except for the fact that they are 
specialized in extracting neutrons from the chain reaction, rather than focusing on heat 
production. When a slow-moving neutron collides with the nucleus of a heavy element 
(such as uranium), the neutron is absorbed and the nucleus breaks apart. This splitting 
results in several fission products including, among others, neutrons, lighter atomic 
nuclei, radioactivity and heat. The latter is dissipated by cooling. A portion of the 
neutrons is needed to keep the chain reaction going. The remaining portion, however, 
is opportunely slowed and then guided through beamlines to the experimental stations. 

X-rays and neutrons are both not trivial to detect. When performing imaging, the 
most common approach is to convert them to visible light by using scintillators and 
then detect the visible light with a camera, i.e. a detector with two-dimensional spatial 
resolution (Gruner et al., 2002, Martin and Koch, 2006). An ideal detector should have 
high resolution, high efficiency and low noise. Parameters like the field of view and the 
read-out time are also important for imaging. Especially in synchrotron and nuclear 
sources, typically an optical microscope is placed between scintillator and camera, with 
the dual purpose of protecting the camera from the direct radiation beam and providing 
geometric magnification of the image (Koch et al., 1998). In other cases, the scintillator 
is coupled to the camera by using micro-channel plates or is deposited directly on it. In 
the case of x-rays, direct detection is also possible using semiconductor cameras 
(Overdick et al., 2009). 

Independently on how the detection has taken place, the acquired image is then 
converted into a digital file, that is stored in a computer. Each pixel of the image is 
given a value, called gray-level, which is proportional to the intensity registered by the 
corresponding pixel of the camera.   

1.1.2 X-ray full-field imaging 

The simplest setup for x-ray imaging consists in a source that illuminates the object 
homogeneously and a panel detector that registers the transmitted radiation behind the 
object.  

By thinking in wave-theory terms, the x-ray wave that passes through the material 
will have its intensity attenuated by it (Figure 1.2). Another possible effect on the wave 
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is a shift in its phase (Figure 1.2), determined by coherent scattering events. Both of 
these effects and the contrast that they produce can be exploited in x-ray imaging (Als-
Nielsen and McMorrow, 2011). 

Attenuation-contrast 
The conventional way of performing x-ray imaging is based on attenuation variations. 
If a radiation with initial intensity 𝐼  passes through an object with thickness 𝑇(𝑥, 𝑦), 
Beer-Lambert’s law gives the intensity 𝐼 after the object as: 𝐼(𝑥, 𝑦) = 𝐼 𝑒 ( , ) (1) 

Where 𝜇, the linear attenuation coefficient, represents the contribution of absorption 
and scattering processes in dampening the x-ray beam. 𝜇 depends on the material’s 
atomic number and density, as well as on the energy of the incoming radiation. A 
material thickness of 𝜇  will reduce the intensity of a factor 𝑒 . An object which is 
too thin will produce low variations in contrast, an object that is too thick will risk 
attenuating too much the signal. 

Figure 1-2: Effects of a sample on the x-ray beam. 
Top – A spherical wave passing through a sample results in a distortion of the wavefront and a change in its direction 
of propagation, which can lead to interference (the size of the distortion is greatly exaggerated). Bottom – comparison 
between a wave in vacuum and a wave that passes through a medium of refracting index n, experiencing an 
attenuation in its intensity and a phase shift. Figure reprinted from (Mayo and Endrizzi, 2019) by permission from 
Springer Nature © 2019. 
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Beer Lambert’s law presented in the previous equation is valid for monochromatic 
x-rays and a homogeneous object. In case of a polychromatic source and an object 
composed of different materials or densities, Beer Lambert’s law needs to be extended 
to a path integral along the object’s thickness, as in: 

 𝐼(𝑥, 𝑦) =  𝐼 (𝐸)𝑒 ( , , , ) 𝑑𝐸 (2) 

In the projections acquired on the 2-dimensional detector, contrast will be given by 
lateral variations (i.e. along x and y) of composition and density in the object. 

Phase-contrast 
As already mentioned, radiation interacting with a material will also have its phase 
shifted. For hard x-rays and low atomic number materials, like biological tissue, the 
differences in phase shift are reportedly larger than the differences in attenuation 
(Schulz et al., 2010). Using phase instead of attenuation provides then the possibility 
of significantly increasing the contrast (or alternatively decreasing the radiation dose 
while keeping a comparable contrast). The main issue however comes from the fact that 
x-ray detectors measure intensity, which is independent of phase. The phase variations 
introduced by the object need to be somehow converted to intensity variations in order 
to be extracted. Various techniques can be used for this purpose, all of which are based 
on the observation of interference patterns between diffracted and non-diffracted 
waves. Most of them can be classified in one of three categories: free-space propagation, 
interferometric based techniques or analyser systems. 

In this work, only propagation-based imaging in the near-field (Salditt et al., 2017) 
has been used. It is the most straightforward approach to phase-contrast, since it does 
not involve any equipment other than source and detector. If the detector is really close 
to the sample (contact regime), an attenuation image is obtained. When the detector 
distance is increased, interference between the scattered and transmitted x-rays occurs 
(Figure 1-3). For small distances (direct contrast regime), interference fringes start to 
develop along the contour of the sample’s features, producing edge-enhanced images 
of the sample. As the distance increases, while still in the near-field, the diffraction 
patterns lose resemblance with the object and lead to holographic images (holographic 
regime). In the direct contrast regime, the fringes produce edge-enhancement of the 
sample, which is often already useful by itself for qualitative assessments. A more 
complete and quantitative evaluation requires to retrieve the phase from the diffraction 
patterns (Figure 1-4). A wide range of methods exist for this purpose, for example those 
based on the transport-of-intensity equation (Paganin et al., 2002, De Witte et al., 
2009). Propagation-based phase-contrast in the direct contrast regime has been used in 
this doctoral work in Papers II and III, as well as in measurements which have led to 
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other papers not presented in this thesis (Norvik et al., 2020, Westoo et al., 2021). In 
Papers II and III, a more complicated method known as holotomography (Cloetens et 
al., 1999), in which images recorded at several distances in the holographic regime are 
combined to quantitatively retrieve the phase shift, has also been employed. In general, 
every instrument in which phase-contrast imaging is routinely performed will have its 
own implementation of a phase-retrieval pipeline. Given the high requirements of 
spatial coherence, propagation-based phase-contrast imaging had initially been a 
prerogative of synchrotron radiation sources. Recent improvements to electron-impact 
x-ray sources and high-resolution detectors are leading to successful use of the technique
also in laboratory setups (Larsson et al., 2013).

Figure 1-3: Propagation-based phase-contrast. 
Image formation behind an object composed of absorbing structures (red) and non-absorbing phase shifters (blue), as 
a result of X-ray free space propagation. The simulation was performed with the XWFP propagation code (Weitkamp, 
2004), using a Fresnel propagation kernel in paraxial approximation. Image: T. Weitkamp (CC BY 3.0 DE). 

Figure 1-4: Importance of phase-retrieval. 
Crop of tomographic scan of mouse lung tissue acquired in the near field regime. A – Without phase-retrieval, edge 
enhancement is noticeable on the alveolar walls, visible as small filaments. B – Phase-retrieval (Paganin et al., 2002) 
converts the edge effects into contrast information; the image appears blurrier, but contrast differences between 
alveolae (dark areas), alveolar walls (white filaments) and small capillaries filled with dye (arrow) are more apparent. 
Data unpublished. 
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1.1.3 Computed Tomography 

What has been described so far allows to obtain radiographies of the object, i.e. two-
dimensional (2D) projections of the unknown object 3D properties onto the detector’s 
plane. The main limit of radiography is that it cannot distinguish superimposing 
features of the object. A work-around to this is given by computed tomography, which 
allows to obtain volumetric information about the object by acquiring 2D projections 
at different angles and then applying mathematical reconstruction methods. Similar to 
phase-retrieval, development of tomographic reconstruction algorithms is a very large 
field of research, which is also strictly connected to the continuous development of 
more powerful and faster computers to handle the more computationally expensive 
algorithms. A good introductory book is “Principles of computerized tomographic 
imaging” by A. Kak and M. Slaney (Kak and Slaney, 2011). 

The mathematical foundation of computed tomography was laid down already in 
1917 by J. Radon. It is based on the Fourier slice theorem, which establishes a relation 
between a one-dimensional projection and the corresponding two-dimensional axial 
section through an object. Per the theorem, the Fourier transform of a projection at an 
angle θ will coincide with the central slice through the 2D Fourier transform of the 
axial section at the same angle. The Fourier slice theorem is illustrated in Figure 1-5. 
By acquiring projections at different angles, the 2D Fourier transform of the section 
can be sampled. 

 
Figure 1-5: The Fourier slice theorem. 
The theorem establishes an equivalence between the Fourier transform Pθ(ω) of the projection pθ(s) and a line in the 
Fourier transform F(u,v) of f(x,y) which runs through the origin and forms the angle θ with the u-axis. Figure reprinted 
from (Maier et al., 2018) (CC BY 4.0). 
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Once the object has been sampled, the most common reconstruction technique is 
the Filtered Back-Projection (FBP). It reconstructs the object in real space by 
performing an inverse transform from the sampling in Fourier space. If one looks at 
Figure 1-5, two considerations must be made about this method: the sampling in 
Fourier space is denser at lower frequencies and it is on a polar grid, rather than a 
Cartesian grid. Both of these things need to be addressed at some point of the process. 
Typically, the sampling density is corrected by applying filters in Fourier space (hence 
why the name “Filtered Back-Projection”). The polar grid is instead converted to a 
Cartesian grid with interpolation. Most commonly the interpolation is performed in 
the real domain because that introduces less noise, however methods have been 
developed to perform it in Fourier space, with a significant gain in computational speed 
at the cost of lower reconstruction quality (Marone and Stampanoni, 2012). 

The Fourier slice theorem and the FBP algorithm are valid only for parallel beam 
geometries. However, extensions of the algorithm have been made for other types of 
imaging geometries. In particular, for cone-beam geometry (typical of electron-impact 
sources), a well-known one is the Feldkamp-David-Kress (FDK) algorithm (Feldkamp 
et al., 1984). 

A different kind of algorithms is given by the iterative ones, which approach the 
correct solution using multiple forward projection iteration steps. They typically begin 
with an initial image guess, compute projections, compare the original projection data 
with the newly obtained ones and update the image based upon the difference between 
the calculated and the actual projections. Iterative algorithms can usually achieve better 
results than back-projection ones, but their main downside is that they are 
computationally very expensive.  

Just like in phase-retrieval, instruments in which tomography is commonly 
performed will have their own implementations of reconstruction algorithms, tailored 
for the geometry and the specifics of their particular setup. In many cases, licensed 
reconstruction software can also be used. Lastly, if flexible tomographic reconstructions 
are needed, open source toolboxes are available, such as TomoPy (Gursoy et al., 2014), 
ODL (Adler et al., 2017), the ASTRA toolbox (van Aarle et al., 2015, van Aarle et al., 
2016) and TIGRE (Biguri et al., 2016). They are usually based on Python or MATLAB 
and help to design custom reconstruction algorithms and geometries by providing 
staple “building block” functions. As an example, the reconstruction pipelines used in 
the μCT scans of Paper I, Paper II and Paper III are all based on the ASTRA toolbox 
for their tomographic reconstruction step. 
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1.1.4 Neutron imaging 

Most of the techniques described so far for x-rays can be directly translated to neutron 
imaging, in particular attenuation-based tomography, which is the only neutron 
technique that has been used in this thesis work. A good introduction to neutron 
imaging methods is given, for example, in (Banhart, 2008). 

The main difference between x-rays and neutrons lies in how they interact with 
matter (Figure 1-6). The interaction of x-rays takes place in the electron shell of the 
atoms (mainly through photoelectric effect and Compton scattering). Therefore, it is 
understandable that atoms with fewer electrons in their shell interact only weakly with 
x-rays when compared to heavy elements. Neutrons, in particular the thermal and cold 
ones commonly used for imaging purposes (with energies around 26 meV and 2 meV 
respectively), interact with the atomic nuclei, completely ignoring the electrons in the 
shell.  

As a consequence, the attenuation coefficients are radically different between the two 
types of particle. While x-ray attenuation coefficients usually increase as a function of 
the atomic number Z of the material, neutron attenuation coefficients have no 
underlying systematic law. In particular, neutrons are highly attenuated by hydrogen 
(H), typically present in plastics and biological tissue, while they easily penetrate most 
metals, which would normally heavily attenuate x-rays. A further peculiarity of 
neutrons, related to their interaction with atomic nuclei, is that they are sensitive to 
isotopes, showing for example different attenuation for 1H and 2H. All of this can make 
neutron imaging better suited in many instances than x-ray imaging and the two 
techniques are normally considered as complementary one to the other (Figure 1-7). 

 
Figure 1-6: Comparison of x-ray and neutron attenuation. 
While x-rays interact with atomic electrons, neutrons interact with atomic nuclei. As a result, neutron attenuation 
coefficients do not increase proportionally with the atomic number like x-ray attenuation coefficients. In particular, 
neutrons are very sensitive to some light elements (such as hydrogen), where x-rays do not provide good contrast. On 
the other hand, neutrons easily penetrate heavy elements that would normally attenuate x-rays a lot (Pb, Fe). Figure 
reprinted from (Kardjilov et al., 2017) by permission from Springer Nature © 2017. 
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Figure 1-7: Complementarity of x-ray and neutron imaging. 
Comparison between neutron µCT (A) and x-ray µCT (B) of a titanium screw implanted in rabbit bone (dried sample). 
While in B the metal screw is highly attenuating and introduces several beam-hardening artefacts, in A the implant is 
less attenuating than biological material. In particular, the soft bone marrow shows high contrast with neutrons. 
Scanning parameters were set in order to have approx. the same voxel size (13 µm). Total scan time for neutron µCT 
(CONRAD-2 beamline of BER-II reactor): 10 h; total scan time for the x-ray µCT (laboratory setup): 1 h. Data 
unpublished. 

1.2 Tomographic image analysis 

After acquiring the volumetric datasets, a series of operations has to be performed in 
order to extract useful information from them. The field of image analysis is extremely 
varied and complex. This section of the theory aims at giving a quick overview of just 
the different concepts and techniques that have been encountered in this work. 

1.2.1 Visualization 

The first fundamental step is obviously to visualize the data. Many image visualization 
programs are available for that purpose, both licensed (such as Amira, by Thermo Fisher 
Scientific) and free (like FIJI (Schneider et al., 2012, Schindelin et al., 2012), 3D Slicer 
(Kikinis et al., 2014), ITK-Snap (Yushkevich et al., 2006) or tomviz (Levin et al., 
2018)). Most of them also offer image processing capabilities. Functions to visualize 
image data are even available in many programming languages and environments, like 
Python or MATLAB. 

Since the acquired data are 3D volumes, typically they are visualized by slicing them 
and going through each slice (that is basically the idea behind the concept of computed 
tomography, after all). All the mentioned visualization programs allow to at least slice 
the volume in the three orthogonal directions, most of them also allow arbitrary slicing, 
which can be used to combine several planes to show specific connections (Figure 1-8). 
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Figure 1-8: Virtual histology concept. 
The 3D volume can be sliced along arbitrary planes (A), in order to trace connections which would be difficult to follow 
in just a single slice. A picture of the central part in A from a different point of view is shown in B. In this case, the 
highly attenuating contrast dye shows an anomalous connection between a pulmonary artery (PA) and the bronchial 
arteries surrounding an airway (Br), in human pulmonary hypertension. Standard histology by physical slicing of the 
sample would risk missing this important connection. SRµCT scans performed at the TOMCAT beamline at PSI; the 
PA cross-section in B is approximately 100 µm wide. Figures adapted from (Norvik et al., 2020). 

 
 

Figure 1-9: Volume rendering concept. 
Example of volume rendering (using Amira) to visualise the 3D structure of a titanium implant in rabbit bone 
(embedded in synthetic resin), scanned with lab-based x-ray µCT (the screw diameter in the uppermost part is 4 mm). 
The software shows slices along the three orthogonal directions, for easier navigation, and a rendering with adjustable 
transfer function (bottom right). By properly setting the transfer function window (arrow), the bone can be visualised in 
3D and separated in colour from the screw, without any need of additional data processing. Unpublished data.  

A 3D representation of the volume can also be given using volume rendering (Figure 
1-9), a displaying technique that associates to each voxel of the image a certain colour 
and opacity, connected to the voxel intensity by a defined transfer function. In some 
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cases, the datasets present enough contrast that interesting features can be already 
visually separated from the rest by adjusting the transfer function. More often, a prior 
segmentation of the features of interest is necessary, as will be explained later. All of the 
visualization programs mentioned above allow to perform volume rendering of the 
datasets; many other specialized volume rendering programs also exist. 

A visualization of the data will be obviously necessary at every step of the image 
analysis pipeline, to evaluate the effect of applied algorithms and identify noise or 
artefacts to remove. As such, visualization is not to be considered a separate step from 
the following ones, but rather an integral one to all of them. 

That said, when it comes to imaging of biomedical samples, many times interesting 
qualitative results can be achieved just by simple visual inspection of the volumes. Since 
most medical doctors are accustomed to analysing samples with histology, the 
possibility to perform 3D virtual histology by arbitrarily slicing the volume is often 
enough for them to identify pathologies or features of interest in the data. In those 
cases, only minor pre-processing is sometimes necessary, usually to remove artefacts or 
noise and to enhance the contrast. This has been the case for several projects in the 
present doctoral work: in Papers II and III for example, an in-depth analysis of x-ray 
tomographic slices has been carried out by an expert pathologist.  

For a more complete, and especially quantitative, analysis of the data, a series of other 
steps is necessary. 

1.2.2 Pre-processing and enhancement 

Most of the time, the images acquired with a tomographic scan are not immediately 
ready to be processed with image analysis algorithms. They will usually present at least 
artefacts and noise, which could disturb the evaluation of the properties of interest. 
Some analysis algorithms are also more effective on data that have specific 
characteristics, which might not be how the acquired data present themselves initially. 

Pre-processing and enhancement algorithms aim to prepare images so that they can 
be used efficiently by other types of algorithms. 

A first pre-processing step typically happens even before the tomographic 
reconstruction. Acquired projections are corrected for the uneven illumination and 
detector response by using flat field images (i.e. images without object) and dark images 
(i.e. images without source). A series of artefact correction algorithms are also applied 
before the reconstruction. Notable examples are algorithms for the removal of ring 
artefacts (which are typically caused by dust or defects on the detector) or for the 
correction of beam hardening effects (caused by the polychromaticity of the source). 

Another artefact frequently encountered in this work was the one linked to local 
tomography, i.e. to the fact that during the scan parts of the object can remain outside 
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of the field-of-view (very typical in the case of high-resolution zoom-in scans of selected 
portions in a histology block). Depending on the shape of the object, this can introduce 
intensity gradients in the axial slices of the tomogram that can negatively affect 
subsequent steps of the analysis. An easy work-around consists in fitting a plane in each 
slice (after blurring or masking out features that could disturb the fit) and normalising 
the slice for the fitted plane. 

When it comes to noise removal or feature enhancement, a big class of image 
processing operators is the one of filters. They are based on the concept of replacing the 
value of pixels by a function of the values of neighbouring pixels (local filters) or of 
larger regions of the image (non-local filters). Most notable applications include image 
smoothing (Gaussian, median or non-local means filters, as shown in Figure 1-10), 
edge enhancement (Laplace and Sobel filters), feature enhancement or removal 
(morphological filters, such as minimum or maximum filter, tophat, skeletonization). 
A particular filter that is extensively used for enhancing vessel structures, encountered 
in this work, is the Frangi vesselness filter, which enhances vessel- or tube-like structures 
by using the eigenvectors of the image Hessian (Frangi et al., 1998). 

Another important class is the one of affine transformations, such as scaling, 
rotations, translations and mirroring. Scaling in particular, coupled with cropping, is 
useful (often even necessary) to reduce the memory size of the images, in order to make 
them more manageable in successive steps of the analysis or just for a volume rendering. 

Overall, there is a huge variety of processing algorithms, all tailored to different 
purposes and datasets. A good introductory book on the subject is Digital Image 
Processing by Rafael C. Gonzalez and Richard E. Woods (Gonzalez and Woods, 2008). 

 
Figure 1-10: Example of smooting filter applied to neutron µCT scans of biodegradable implants in bone. 
A non-local means filtering algorithm (Buades et al., 2005), implemented in Amira, was used to reduce the salt-and-
pepper noise, caused by the low neutron flux at high-resolution imaging experiments. Compared to the non-filtered 
image (A), the filtered image (B) shows better signal-to-noise ratio, and improved visibility of the features. Data 
acquired as part of Paper V. 

As mentioned, many programs already listed in the image visualization section also 
allow to perform image processing with various degrees of complexity. One which was 
extensively used during this work is FIJI (Schindelin et al., 2012), as it provides a huge 
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variety of plugins developed by users that allow to rapidly test different methods with 
minimal effort. To have more freedom in developing new algorithms, toolboxes for 
image processing are also available in the more open-ended coding environments, such 
as MATLAB or Python (notable example in the case of Python is the Scikit-image 
library (van der Walt et al., 2014)). 

1.2.3 Segmentation 

A necessary step to perform quantitative analysis is to identify the interesting features 
in the image and assign to them labels, which will allow to select them separately from 
the rest of the volume. The attribution of different labels to different regions of the 
image is called segmentation and is one of the most difficult tasks of image analysis. 

One simple way to achieve segmentation is to do it manually, by drawing on the 
images the regions to be labelled. While that typically guarantees good results, it is also 
very time-consuming. A single volume measured at a synchrotron radiation facility is 
usually formed by one or two thousand slices, each around 2000 x 2000 pixels in size. 
Multiple features can be present in a single volume, and multiple volumes are typically 
measured during a beamtime (at the TOMCAT beamline at PSI or in the parallel 
configuration of the GINIX end-station at DESY, where parts of the present work were 
done, a volume of that size is produced in just 3 minutes of scanning time). Despite 
the existence of ways to speed up the manual segmentation (such as label interpolation 
across different slices), the only reasonable way to analyse all the data produced by a big 
facility is to develop methods for fully-automatic or semi-automatic segmentation. 

Like in the case of pre-processing algorithms, segmentation algorithms are extremely 
varied and numerous. In most of the cases, they are specifically tailored to each 
individual set of data (which is often a problem when one tries to apply published 
methods to different datasets). Once again, a good introductory textbook is Digital 
Image Processing by Rafael C. Gonzalez and Richard E. Woods (Gonzalez and Woods, 
2008). 

Image segmentation algorithms are typically based on one of two basic properties of 
intensity values: discontinuity and similarity. In the first category, the approach is based 
on identifying sharp changes in intensity; a notable example is edge detection (Gonzalez 
and Woods, 2008), which is helped by edge enhancement filtering. The main approach 
of the second category is identifying regions of the image that are similar according to 
certain pre-defined criteria. The simplest example of this is given by thresholding 
(Gonzalez and Woods, 2008), where the labels are assigned depending on a partitioning 
of the grey-level histogram. Thresholding is a staple of image segmentation because of 
its simplicity and very fast processing speed. However, it is very easily hindered by 
inhomogeneous illumination (as shown in Figure 1-11), noise, artefacts or in general 
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poor contrast in the images. Nevertheless, thresholding segmentation has been 
successfully employed in several projects encountered during this doctoral work, either 
by exploiting natural high-contrast of features, such as for bone and metal implants in 
Paper IV, or by using contrast agents that greatly increased the intensity of structures 
of interest, as in (Norvik et al., 2020) and (Westoo et al., 2021).  

A higher step in complexity is given by region-based methods, such as region growing 
(Gonzalez and Woods, 2008), in which from a starting “seed” point a region is grown 
by appending neighbouring voxels that satisfy a certain similarity condition (for 
example based on grey level thresholding). A problem of these methods is however to 
define a proper stopping condition for the region growing, which again will be 
disturbed by artefacts and poor image contrast. Region growing is at the basis of the 
“Magic wand” semi-automatic segmentation tool in Amira, which has been successfully 
employed for segmentation in Paper II. 

 

 
 
Figure 1-11: Importance of pre-processing on the subsequent automatic segmentation. 
A – A SRµCT scan of lung tissue (acquired at the TOMCAT beamline) presents an intensity gradient between bottom 
right and top left corner, caused by local tomography and the irregular shape of the sample (the corners of the image, 
which are normally unusable, are being shown for an easier visibility of the effect). B – The artefact can be removed 
by normalisation with a fitted plane, as in (Lovric et al., 2017). C – Segmentation by automatic thresholding of the non-
corrected image A is greatly affected by the intensity gradient. D – Automatic thresholding performs much more 
convincingly in the corrected image B. Unpublished data. 

More advanced methods combine discontinuity and similarity for more robust 
segmentation results. A notable example is given by morphological watershed 
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(Gonzalez and Woods, 2008). The main concept (in 2D) can be understood by 
interpreting the image as a 3D “topographic” map, with two spatial coordinates and a 
height given by the image grey-levels (a schematic overview in one dimension is also 
provided in Figure 1-12). Supposing that the entire map is flooded with water from 
below at a constant rate, different basins will start to fill. As soon as two basins would 
merge together, a dam is built to prevent the merging. At a certain point, only the dams 
will remain visible; these dam boundaries correspond to the watershed lines returned 
by the algorithm. A segmentation with this method is very successful to label blob-like 
objects from the background. In order to create sharper “height maps”, it is usually 
combined with edge-enhancement filtering beforehand. While this method has not yet 
been used for published work in this thesis, its implementation in the “Carving 
workflow” of the ilastik software (Berg et al., 2019) has allowed a relatively easy 
segmentation of data similar to the ones presented in Paper II, for a follow-up paper to 
it which is currently in preparation. 

Figure 1-12: Schematic overview of the watershed segmentation in one dimension. 
The input image can be considered as a topographic map, with height proportional to greyscale intensity. A water 
source is placed in each regional minimum. Next, the entire relief is flooded from the sources and dams are placed 
where the different water sources meet. The water basins become the segmentation labels; the dams are called 
watershed lines, and can be also used for other applications of image analysis. 

Even more advanced morphology segmentation methods are active contours 
(Yushkevich et al., 2006), which as the name implies find contours of the image by 
using energy minimising deformable splines (also called snakes). An image “energy” is 
defined as a function of features of the image (grey scale, gradient, curvature, etc); 
starting from a seed point, a curve is then iteratively modified in order to minimize said 
energy. Active contours are typically successful in following complex structures, and in 
this thesis work have been implemented with mixed success (unpublished) on vessel 
segmentation, but their implementation on 3D datasets (as surfaces rather than curves) 
tends to be computationally intensive. 

Finally, a class of segmentation methods which appears to be future of image analysis 
is based on machine learning. Machine learning algorithms typically build an energy-
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cost model based on sample data, known as "training data", from which the computer 
is able to make predictions or decisions without being explicitly programmed to 
perform the task. Even though some of these methods might have been useful for the 
studies performed in this thesis, and some of them have been explored (by more 
knowledgeable colleagues) in Paper I, autonomous attempts at their implementation 
during this doctoral work have not produced significantly worthwhile results. More 
time and knowledge would have been necessary to really assess their potential, which 
has nevertheless been shown in several recent publications, for example (Kuan et al., 
2020). 

All the aforementioned programs and toolboxes for image processing offer 
implementations of at least basic algorithms for data segmentation. More advanced and 
niche methods can be found in other specialised programs or can be coded using 
toolboxes. A notable example of a software package is the already mentioned ilastik 
(Berg et al., 2019), which aside from the watershed implementation detailed above also 
incorporates several supervised machine learning workflows, which have shown 
promise in recent applications of x-ray virtual histology (Eckermann et al., 2020, Frohn 
et al., 2020). 

1.2.4 Quantification 

Once a dataset has been labelled, quantification of the label properties can be 
performed. Probably even more than anything else in the image analysis field, 
quantification methods are obviously dependent on the scientific question behind the 
measurement and as such can vary a lot. The most straightforward quantification is to 
measure the volume of an object, which can be achieved by simply counting the 
number of voxels in the corresponding label. Other kinds of quantification can involve 
the shape of the object, or its intensity value (which, depending on the contrast method, 
is linked to density of a physical quantity). Different objects in an image can be 
classified according to different properties, in order to perform statistical analysis on 
the distributions and trends. 

In the case of medical samples, the quantification aspects should always be discussed 
with the medical doctors, since they are usually the ones bringing forward the scientific 
questions. In many cases, they are already used to measure parameters in 2D histology; 
the trick is then to extend the quantification method from 2D to 3D. Other times, the 
3D aspect can give unique insights. 

Different tools can be used for image quantification, often in combination. As an 
example, in Paper II the evaluation of the thickness of filament structures has been 
achieved by combining a distance map transform and a skeletonization algorithm. The 
former associates to each voxel in a binary label a value which corresponds to the 
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shortest distance from it to the boundary of the label itself. The latter “shrinks” down 
the label to a skeleton, formed by the points that are equidistant from its boundaries. 
If one evaluates the distance map only on the skeleton voxels, the result is a point-by-
point estimation of the label maximum radius along its main axis of propagation. 

1.3 X-ray elemental mapping techniques 

While x-ray radiography is based on detecting how the probing radiation is affected by 
its interaction with the object, x-ray elemental mapping techniques are based on 
inducing and measuring characteristic x-ray emission (also known as x-ray fluorescence 
emission) by the object itself. 

To induce x-ray emission, the specimen is irradiated with ionising radiation, i.e. 
radiation with enough energy to remove atomic electrons. Different types of excitation 
sources are possible, corresponding to differently named techniques. In this thesis work, 
two separate excitation sources were employed: electrons, in what is commonly named 
energy dispersive x-ray spectroscopy (EDX), and x-rays, in what is known as x-ray 
fluorescence (XRF).  

Independently on the type of excitation, when its energy is high enough to eject an 
electron from one of the innermost atomic levels, a vacancy is left behind, resulting in 
an unstable configuration of the atom. To restore equilibrium, an electron from a 
higher energy outer orbital quickly fills the vacancy, and the excess energy may be 
emitted in form of characteristic x-rays (Figure 1-13A). The energy of these emitted x-
rays corresponds to the energy difference between the two atomic shells involved in the 
transition; as such, because every element has unique atomic configuration and shell 
energies, a spectroscopic analysis of characteristic x-rays emission can provide insights 
on the elemental composition of the material in exam. 

Since fluorescence emission is isotropic, the easiest way to obtain spatial resolution, 
and hence an image, is to focus the excitation source in a small beam, and then either 
move the beam (easily done in the case of electrons) or gradually shift the position of 
the sample (preferred way in the case of x-rays) in order to progressively illuminate a 
grid of points centred on an area of interest, in a raster scan pattern (Figure 1-13B). On 
each point, the source is usually allowed to rest for a certain dwell time, and the 
resulting fluorescence is measured by a spectrometer, which discriminates the photon 
energy. The ending result are images with two spatial dimensions, which correspond to 
the position of the points in the grid (with a spatial resolution corresponding to the 
spacing between each point), and a spectral dimension, which corresponds to a 
fluorescence energy range sampled with a certain energy resolution, dependent on the 
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fluorescence detector. Methods for performing fluorescence imaging in broad beam 
geometry also exist, but they have not been used in this thesis work and as such will not 
be addressed here. 

 

 
Figure 1-13: Concepts of x-ray elemental mapping. 
A – Schematic drawing of characteristic x-ray emission process. Incident radiation (for example x-rays or electrons) 
can eject electrons from the innermost atomic shells; when this happens, vacancies are left behind, which are quickly 
filled by more energetic electrons from the outer orbitals. During these transitions, the excess energy, which 
corresponds to the difference in binding energy between the two orbitals, may be released as characteristic x-rays.  
B – Elemental mapping by raster scanning. In order to obtain spatial information, the incident radiation is focused in a 
small beam, which is then moved across the sample (either by moving the beam or by shifting the sample) in a raster 
pattern. On every acquisition point, part of the emitted fluorescence is collected by a spectral detector. 

On account of requiring the incoming radiation to interact with the sample, and at 
the same time the emitted fluorescence to exit the sample and reach the detector, 
elemental mapping analysis is usually considered a surface technique, and the samples 
need to be physically sectioned in order to access the interface of interest. Electrons in 
particular have a very shallow penetration range and are able to probe only the first few 
micrometres of material. X-rays can penetrate more, but they will induce fluorescence 
from everything along their path; in case of thick samples, this means that the measured 
signal will not be coming from just the immediately visible surface but will be an 
average fluorescence along the sample depth. 

EDX mapping can be performed by adding a fluorescence detector to a scanning 
electron microscope; a setup of this sort has been used in Paper IV of this thesis. 

XRF mapping is commonly carried out at synchrotron facilities, however compact 
machines based on x-ray tubes can also achieve micro-beam resolutions. Measures 
acquired in a commercial μXRF machine have been used for Papers IV and V. 

Once a fluorescence dataset has been acquired, the analysis is based on using fitting 
methods to extract the spectral contribution of the individual elements, based on their 
characteristic x-ray energies. When this is done on a point-by-point basis, element maps 
can be extracted (Figure 1-14); the relative peak intensity can also be associated to the 
relative concentration of the various elements. In most commercial machines, such as 
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the ones employed in this thesis, the analysis is usually conducted using the software 
provided by the manufacturer. Free software for multispectral analysis also exists, 
however; a few notable examples, used during this doctoral work (unpublished), are 
PyMCA (Solé et al., 2007) and the Hyperspy toolbox (Peña et al., 2021), both Python-
based. 

Figure 1-14: Example of x-ray elemental mapping. 
A – Using a scanning electron microscope picture for navigation, a small area (in red) is selected to perform EDX 
analysis. A grid of 256 x 232 acquisitions is performed on the area by raster scanning the electron beam; each 
acquisition point on the grid has its own fluorescence signal. B – The cumulative spectrum of the area, obtained by 
integrating all the individual acquisitions, can be used to have an idea of the average chemical composition. Six main 
elements are identified: carbon (C), Oxygen (O), Magnesium (Mg), Phosphorus (P), Calcium (Ca) and Gadolinium 
(Gd). C – By analysing the spectra for each individual acquisition point, the distribution of each element can be 
mapped. D – The maps can be overlapped in false colour images, to highlight correlation between the elements. Data 
acquired as part of Paper IV. 
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2 Synchrotron-radiation μCT of 
biodegradable magnesium-alloy 
implants: the SynchroLoad project 

If at first you don’t succeed,  
try two more times so that your failure is statistically significant.  

― Anonymous 

 

This Chapter will expand upon the first line of research of this thesis, the study of 
corrosion behaviour and mechanical properties of biodegradable magnesium implants 
for osteosynthesis (i.e. bone healing). A first part will describe the main motivations 
behind the study and provide some necessary background. The experimental and 
technical aspects will then be detailed, building upon the concepts already introduced 
in the Theory chapter. Lastly, a final part will aim at presenting Paper I, with particular 
focus on the radiation damage measurements reported in it. 

2.1 Motivation and medical background 

2.1.1 Osseointegrated implants 

The most common treatment for traumas and degenerative disorders of the skeleton 
involves the use of osseointegrated implants. These can be built out of different 
materials and with different shapes and surface coatings, and constant research is made 
to improve and innovate each one of these design parameters.  

Traditionally, implant materials were selected to be as less biologically and 
chemically reactive as possible, in order to avoid disturbances to the natural healing 
process of the tissue (Williams, 2012). This is the case for example of titanium and 
stainless steel, widely used in orthopedy and dentistry, and of several polymer-based 
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implants such as those made from polyetheretherketone (PEEK). Inert, permanent 
implants can however bring a series of complications, which range from inflammatory 
effects (Schwarz et al., 2018), to implant loosening and dislocation (Sundfeldt et al., 
2006), to even release over time of particles or ions which may prove toxic or cause 
allergic reactions (Basko-Plluska et al., 2011, Lyu and Untereker, 2009, Vasconcelos et 
al., 2016). Furthermore, implants very rarely perfectly match the mechanical properties 
of bone, and as such they inevitably alter the mechanical environment at the 
implantation site. Bone is known to react to this alteration in unwanted ways: for 
example, lack of mechanical stimulation of the bone has been linked to bone resorption, 
which is a known problem in many orthopedic applications (Sumner, 2015). For these 
reasons, permanent implants for osteosynthesis are removed whenever possible after 
bone healing, with potential risks to the patients stemming from the second surgery. 
Implant removal is also especially necessary in the case of young patients, whose growth 
would definitely be affected by the presence of permanent implants. 

Recent developments in implant design have seen a progressive shift from bioinert 
materials towards bioactive materials, which, as the name implies, are supposed to 
deliberately interact with the tissue (Huang et al., 2020). Rather than using substances 
that should simply be tolerated by the body, the aim is to tailor materials that could 
actively boost the desired outcome, providing for example osteoinductive effects or 
inhibiting inflammatory responses. An extremely attractive property of bioactive 
materials is biodegradability, i.e. the potential to dissolve into biocompatible products 
after having performed their planned function. In the case of osseointegrated implants, 
an ideal biodegradable material could have its degradation rate and mechanical 
properties tailored in order to support the bone during the healing process, and then 
be resorbed after full healing, completely bypassing the need of second surgery 
(Virtanen, 2011). 

Several materials are being investigated and designed as possible candidates for the 
design of biodegradable implants. The work presented in this thesis has focused on 
magnesium, and in particular some of its alloys, as element of choice. 

2.1.2 Magnesium and its alloys 

Magnesium is one of the alkaline earth metals (group 2), it has atomic number 12 and 
symbol Mg. It is the fourth most common element on Earth, with a high prevalence 
both in the Earth’s crust and also among elements dissolved in seawater (Jahnen-
Dechent and Ketteler, 2012). 

Given its high reactivity, it occurs naturally only in combination with other 
elements, but can be extracted in its pure metallic form with artificial methods. Mg and 
its compounds are used for a wide variety of purposes, which exploit its properties such 
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as high flammability (ex. explosive and pyrotechnic devices) or low density yet high 
specific strength, which can be further boosted by alloying (ex. Mg-based alloys have 
found extensive use in the aerospace and automotive industry as lighter alternatives to 
aluminium). 

From a biological perspective, Mg is essential to life, being involved in every 
biochemical process in cells. Mg deficiency has been shown to have detrimental effects 
on neurological, cardiovascular, muscular and skeletal systems (Rude, 1998). For the 
latter in particular, low Mg intake has been linked to higher insurgence of osteoporosis 
(Castiglioni et al., 2013), as well as to negative impact on the status of articular cartilage 
(Richette et al., 2007). Even in individuals with normal Mg values, Mg 
supplementation has been proven to improve bone mineral density and reduce risk of 
fractures in osteoporotic women (Sojka and Weaver, 1995), as well as produce positive 
effects in most of the aforementioned other systems. 

2.1.3 Magnesium-based biodegradable materials 

The potential of Mg as a biodegradable material started being investigated as soon as 
the commercial production of elemental Mg picked up in the second half of the XIX 
century (Witte, 2015). The first reported application in this sense dates back to 1878, 
when Mg wires were employed as ligatures for bone vessels by physician Edward C. 
Huse. The use of Mg implants for osteosynthetic purposes was explored with 
experiments on animals and humans in the early XX century by several physicians, who 
were intrigued by the fact that Mg could corrode in the body with seemingly no toxic 
effects. Despite the enthusiasm of these early pioneers, the results were often mixed, 
and the use of Mg as biomaterial declined quickly. A major setback was given by the 
fact that the implants would often corrode too fast to support bone healing; the fast 
degradation was also accompanied by quick release of hydrogen gas in the proximity of 
the implants, which produced swelling and pain. The main limitation at the time was 
the low purity of the available Mg: impurities introduced during the processing can in 
fact activate galvanic corrosion in uncontrolled ways, resulting in faster and 
unpredictable corrosion rate. 

Thanks to modern advances in Mg production, today it is possible to obtain ultra-
high pure Mg and to design Mg alloys with controlled mechanical and degradation 
properties; as such, interest in Mg-based biomaterials has seen a big resurgence in recent 
years, with extensive studies being conducted to develop new Mg alloys with superior 
mechanical and corrosion performance.  

There is an immense variety of Mg-alloy families being currently investigated, as 
reported in several review articles (Chen et al., 2014, Zhang et al., 2013). The main 
considerations for element selection are toxicity, strengthening ability and influence on 
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the corrosion behaviour. All these parameters, and others, can be assessed in vitro or ex 
vivo, with a wide assortment of techniques. A significant issue, however, is the lack of 
standardisation (Kirkland, 2012): even the same nominal alloy can present widely 
different behaviour depending on shape and on the manufacturing process (as already 
mentioned, impurities greatly affect the degradation process). In vitro results can also 
differ greatly depending on the corrosion medium of choice, and they are never directly 
comparable to ex vivo measurements of the same quantities (Zhang et al., 2013, Sanchez 
et al., 2015). Lastly, the most common ex vivo methods consist in cutting the samples 
and then performing 2D techniques such as histology, scanning-electron microscopy, 
fluorescence analysis, or metallographic examination; by virtue of requiring cutting, 
several of these techniques risk to depend heavily on the cutting plane and miss out on 
volumetric effects. In some cases, laboratory-based x-ray μCT has been employed to 
obtain 3D information (both ex vivo or even in vivo (Dziuba et al., 2013)); however, 
the usually poor spatial resolution and low density contrast caused by the source 
polychromaticity have thus far limited these approach to only assess the volume 
reduction of the implants over time at best, with no insights on the small scale corrosion 
processes. 

In order to finally assert the legitimacy of Mg-based implants as end products in a 
wide market of possible alternatives, it is crucial to standardise implant manufacturing 
and characterisation (Kirkland, 2012).  

2.2 The SynchroLoad project 

2.2.1 Background and goals 

The SynchroLoad project, a Swedish-German research collaboration within the 
Röntgen-Ångström Cluster, was started in 2016 with the aim of exploring two different 
alloys of Mg and gadolinium (Gd), Mg-5Gd and Mg-10Gd (where 5 and 10 indicate 
the nominal Gd weight percentage).  

Alloying Mg with Gd had already been shown, in previous in vitro and ex vivo studies 
(Galli et al., 2016, Galli, 2016), to provide mechanical and corrosion properties 
comparable or even superior to other candidate alloys. Aside from determining which 
Gd weight percentage would be preferable and whether it would be possible to establish 
a direct link between alloy properties and Gd content, a main goal of the SynchroLoad 
project was to fully characterise the materials with multiple techniques and well 
documented standards.  
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As a response to the main points and pitfalls of Mg-alloy characterisation, detailed 
in the previous section, the list of aims in this sense was to: 

1. Provide full detail of the alloying and implant manufacturing process, in 
order to ensure reproducibility. 

2. Compare Mg-5Gd and Mg-10Gd with the most commonly used 
permanent implant materials, Ti and PEEK. 

3. Perform both in vitro and ex vivo (in Sprague-Dawley rats) corrosion 
analyses on implants with the same shape and from the same batch, to 
remove as many manufacturing parameters that could hinder comparability 
as possible. 

4. Use multiple analysis techniques, both already well established and new, to 
ensure cross-validation and provide a comprehensive picture of the implant 
corrosion dynamics; in particular, central importance was given to 
synchrotron-radiation micro-computed tomography (SRμCT) as a tool to 
discriminate the corrosion behaviour in 3D with high spatial resolution and 
density contrast, both of in vivo and ex vivo samples. 

5. Lastly, as the name of the project itself implied, measure the mechanical 
properties of ex vivo samples by means of SRμCT coupled with in situ 
mechanical loading tests, in order to provide a 3D high-resolution 
visualisation of the failure mechanisms of the implant-bone interface. 

Paper I presented in this dissertation has stemmed from the mechanical testing side 
of the SynchroLoad project, which will thus be the further described in the rest of this 
Chapter. The in vitro measurements, which provided a microstructure characterisation 
of the alloys and an estimation of their in vitro corrosion behaviour, have been collected, 
together with full details about the alloy production procedures, in a very recent 
publication (Krüger et al., 2021b) and will not be discussed further. Similarly, ex vivo 
analyses of the corrosion behaviour by means of SRμCT, which however do not include 
any mechanical failure analysis, are the topic of a manuscript currently in press (Krüger 
et al., 2021a) that has not been included in this thesis.  

2.2.2 Samples 

Mechanical testing of the implant-bone interface clearly had to be performed on ex vivo 
samples. The Mg-Gd implants were 4 mm long, 2 mm diameter slotted grub screws, 
with an M2 thread (Figure 2-1A). As reference material, titanium (commercially pure, 
grade 4) and PEEK screws, purchased from Promimic AB (Mölndal, Sweden), were 
also used. 
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Figure 2-1: Details of SynchroLoad experiments. 
A – Mg-Gd implant, in the form of 4 mm long, 2 mm diameter slotted grub screw. B – Critical point dried bone-implant 
explant. C – Wet bone-implant explant (on the left) next to 3D-printed sample holders for mechanical testing. D – 
Setup for SRµCT coupled with in situ mechanical loading. The red dotted line indicates the x-ray beam path from the 
shutter (on the right) to the detecting system (on the left). Photos courtesy by Silvia Galli. 

After sterilisation, the screws were implanted in the hind legs of Sprague-Dawley rats 
(comprehensive details about the animal experiments have already been provided in 
other publications, ex. (Zeller-Plumhoff et al., 2020), and are also briefly summarised 
in Paper IV of this thesis). Each rat received either 2 Mg-Gd implants (one of each 
kind), or 2 control ones (one of each kind). After 4, 8 or 12 weeks of healing the rats 
were euthanized by a lethal dose of anaesthetic and the legs were dissected to extract 
the tibiae containing the implants. Cylindrical or box-shaped explants (Figure 2-1B), 
with a diameter/width of 5 mm, were then cut in order to fit within the field-of-view 
of the tomographic scans and inside the loading device for mechanical testing. 

While the samples that had to be used for ex vivo corrosion analyses were dehydrated 
for easier preservation and storage, 72 explants (6 for each of the 4 material at each of 
the 3 time points) were kept frozen for the mechanical loading tests (Figure 2-1C), as 
dehydration would have clearly modified the mechanical properties of the interface. 

2.2.3 Synchro+Load methods 

The German counterpart within the SynchroLoad project is the Helmholtz-Zentrum 
Hereon in Hamburg, which among other things operates the imaging beamline (IBL) 
P05 (Wilde et al., 2016) at the PETRA III storage ring of the Deutsches Elektronen-
Synchrotron (DESY), in Hamburg, Germany. As such, most of the SRμCT 
measurements were performed there. 

The beamline consists of a front-end, which contains undulator, slits and filters, an 
optics hutch equipped with a double crystal monochromator and a double multilayer 
monochromator, and two experimental hutches, a first one dedicated to nano-
tomography (not used in this work) and a second one, more downstream, for micro-
tomographic use.  
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While the μCT end-station is capable of performing phase-contrast imaging (Wilde 
et al., 2016), and the method had been initially explored for the SynchroLoad samples 
(Moosmann et al., 2017), it was ultimately decided to only employ attenuation-
contrast tomography for the mechanical load tests. The imaging setup was thus very 
simple conceptually, consisting only of source (the undulator), sample rotating stage 
and flat panel detector (Figure 2-1D).  

The measurements were performed during several beamtimes and with various 
settings due to technical problems with the monochromators and cameras. Initially, a 
photon energy of 34 keV was mainly used (out of an available 5-50 keV energy range); 
however, as mentioned in the next section and in Paper I, the photon energy was set to 
45 keV towards the end of the project. The detecting system comprised a cadmium 
tungstate (CdWO4) scintillator screen, then a set of optical microscope optics (set to 
5X magnification for all the scans) coupled to a solid-state camera. Two cameras were 
used in different moments: one with a CCD (charge-coupled device) sensor (KAF-
09000) with 3056 x 3056 pixels, a 16-bit dynamic range and a pixel size of 12.0 μm 
(effective pixel size of 2.4 μm when considering magnification), and another with a 
CMOS (Complementary metal–oxide–semiconductor) sensor (CMOSIS CMV 
20000) with 5120 x 3840 pixels, a 12-bit dynamic range and a pixel size of 6.4 μm 
(effectively 1.2 μm with 5X magnification). The number of projections and the 
scanning time had to vary depending on the employed camera and on the selected 
energy (which influences the scintillator efficiency). Typically, 1200 projections of 50 
ms each were acquired for the CCD camera, however the long detector read-out time 
meant scan times in the order of 1-1.5 hours per tomogram. A higher number of 
projections (between 2400 and 3000) had to be used for the CMOS camera, because 
of its higher noise and lower dynamics; however, the faster read-out meant overall faster 
scan times when compared to the CCD. Data pre-processing and tomographic 
reconstruction were implemented in MATLAB environment, using the tomographic 
reconstruction pipeline at IBL (Moosmann, 2021). 

In order to perform in situ mechanical testing during the SRμCT scans, a loading 
frame was developed and fully integrated into the beamline control system. The load 
frame design is the main topic of Paper I, but was not the focus of this thesis work and 
as such only a few more important details will be described here. In brief, the frame is 
modular in its shape and allows different mechanical testing configurations. It requires 
to pre-scan the samples (with lab-based μCT) in order to design 3D-printable sample 
holders (Figure 2-1C), which will fit inside the frame and ensure perfect match between 
the sample and the loading device. While in principle the frame can apply and monitor 
force in real time, the slow scanning time of the imaging system required to perform 
the loading tests in a static way, with progressively increasing force steps.  
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The protocol of choice was the following: 
1. A first tomographic scan is acquired with no loading.
2. The force is then increased by small steps (initial tests were carried out with

2.5 N steps), which have to be adjusted after initial estimations of
mechanical failure in order to reach the breaking point in around 10 total
steps, to provide enough acquisition points of the loading curve.

3. In-between each force step, to account for relaxation processes, the system
is kept in static loading conditions for a fixed amount of time (initial tests
waited for 20 minutes), during which the applied force is constantly
measured and radiographic pictures are acquired. After relaxation, a full
tomographic scan is then acquired for each force step.

4. Once mechanical failure is reached, a last tomographic scan is acquired.
The acquisition of tomographic images at different loading steps would have allowed 

to assess volumetric displacements and strain within the samples during loading, by 
means of an analysis technique known as digital volume correlation. The method is 
already well established for the study of bone mechanical properties (Roberts et al., 
2014, Grassi and Isaksson, 2015), and can be implemented with several algorithms. An 
early attempt at performing digital volume correlation on one of the SynchroLoad 
samples, using the Tomowarp2 code (Tudisco et al., 2017), is presented in Figure 2-2. 
In Paper I, a different approach using optical flow (Horn and Schunck, 1981) was 
implemented by a co-worker. 

Figure 2-2: Digital Volume Correlation of a SynchroLoad sample. 
Digital volume correlation performed by using the Tomowarp2 code (Tudisco et al., 2017). The method allows to 
evaluate minute displacements over repeated scans, which in the case of loading tests can be directly linked to 
mechanical strains and stresses, and highlight the formation of cracks. The analysis in figure was performed with a 
load between 0 and 2.5 N, after which cracks already started forming in the sample. The displacements along the x, y 
and z directions (a legend of which is provided in the top left corner, with the z axis entering the picture) are displayed 
in false colour maps. The Y-displacements map shows that the sample was almost homogeneously moving 
downward; differences in deformation direction in the X and Z displacements maps (blue vs red) point to the 
development of the crack, which was localised where the screw touched the bone in the bottom part (see also Figure 
2b of Paper I). NOTE: the displacements measured inside the screw are to be considered noise, as the material was 
too homogeneous for a correct use of the technique.  
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2.3 Radiation damage issues and other problems 

When initial in situ loading tests were performed, the critical failure force values were 
found to be quite lower than expected, even for the controls (around 30 N at most; 
typical values for Ti-bone interface, while dependent on healing time, were expected to 
be at least two or three times as much for comparable times (Castellani et al., 2011)). 
No significant difference was observed between controls and Mg-Gd alloys; 
furthermore, when analysing the post-failure SRμCT images, the fractures appeared to 
be mostly localised in the bone, rather than in the implants or at the interface. While 
it would have been excellent to conclude that both Mg-Gd alloys had mechanical 
properties on par with Ti, the sad truth was that an important effect of ionising 
radiation had been overlooked: radiation damage. 

2.3.1 Radiation damage effects on bone 

When dealing with ionising radiation, such as x-ray photons, an important point of 
concern is the one of radiation damage. By transferring their energy to the atomic 
electrons of the target, ionising particles intimately affect the biochemistry of the 
affected tissue, causing several damaging effects. 

A bibliographic search revealed pre-existing work on the topic of radiation damage 
to ex vivo bone by Barth et al. (Barth et al., 2010, Barth et al., 2011), who reported a 
deterioration of the mechanical properties of human cadaveric bone, resulting in 
reduced strength, ductility and toughness, after high-dose exposure to synchrotron 
radiation. In those studies, several typical radiation doses were evaluated, ranging from 
25-35-70 kGy (common doses during gamma sterilisation of bone grafts to be used in 
surgery) all the way to 210 and 630 kGy (evaluated as typical doses received during one 
or three SRμCT scans, respectively). A suppression of plastic deformation was observed 
already at 70 kGy, due to the reduction of strain carried by the collagen fibrils, which 
are normally the major responsible of tensile strength in the bone.  

While Barth’s results suggested a critical threshold of 35 kGy to avoid radiation 
damage, it was decided to perform a mechanical test, similar to the one reported by 
Barth et al., on leftover rat bone samples from the animal experiments, to have a more 
direct comparison with our case. The procedure closely followed the methods in (Barth 
et al., 2010). In brief, leftover femoral rat bones (three per dose point) were cut in 
rectangular prism shapes and then irradiated to 0 kGy, 5 kGy, 20 kGy, 35 kGy, and 
75 kGy. The dose was estimated analytically, as in (Barth et al., 2010), by considering 
mass and attenuation coefficient of cortical bone and assuming a reasonably uniform 
x-ray absorption within the sample; it was then administered to the samples by placing 
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them in the beam at the synchrotron end-station and performing mock-up SRμCT 
acquisitions of variable duration. During exposure, the samples were continuously 
rotating in order to maintain exposure homogeneity. They were also immersed in 
HBSS (Hank’s balanced salt solution) to avoid dehydration. 

Following exposure, three-point bend tests were performed on three samples per 
irradiation level, using a support span of 12 mm, an applied force diameter of 2 mm 
and a displacement rate of 10 μm/s. The end results, presented in Paper I, revealed a 
deterioration in the mechanical properties starting at 35 kGy, in fairly good agreement 
with the observations by Bart et al. on human cortical bone. 

An estimation of the dose deposited on the SynchroLoad samples during SRμCT, 
also reported in Paper I, revealed that, at the initially used energy range of 34 keV, one 
single tomogram would in the absolute best conditions (without even accounting for 
exposure during scan setup) irradiate the sample for over 4.25 kGy. Considering the 
need for a first tomographic scan with no loading, and then around 10 additional scans 
in order to accurately sample the loading curve, the total dose would have been above 
the critical threshold. The simulation also showed that the exposure could be possibly 
reduced by performing scans at a 50 keV energy (the maximum available at IBL). 
Because of poor behaviour of the monochromators at the extreme available range, a 
slightly lower energy, 45 keV, was adopted for the subsequent experiments. 

2.3.2 Other issues and hiatus 

Despite the efforts to lower the dose, several issues with the cameras and with the 
shutters meant that the calculations presented in Paper I were rarely representative of 
the effective dose on the sample. 

Further problems also came to light: a first one, already partly tackled in Paper I, had 
to deal with the loading geometry of the samples (Figure 2-3). While typical mechanical 
testing of osseointegrated implants is performed by removing the screw by “pulling it 
out” or unscrewing it (depending on the test being performed), these methods are not 
applicable to biodegradable implants as it is highly probable that the head of the screw 
will have changed its shape during corrosion, preventing the use of standard pull-out 
devices. When the tests were originally planned, it was thus decided to adopt a “push-
in” configuration, in which a loading pin would displace the screw towards the inside 
of the bone. This method relied on the assumption that the implants would be in 
contact only with one part of the cortical bone, remaining free to move in the bone 
marrow inside. However, when the first tomographic scans were performed, it appeared 
clear that most of the screws were accidentally “bi-cortical”, i.e. implanted so deep that 
the screw had penetrated through the bone and perforated (partly or fully) the other 
side of cortical bone. A possible solution, proposed in Paper I, was to assess the situation 
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in the pre-scans using lab-based μCT, eventually surgically remove the bottom cortical 
bone and mount the samples upside down in the loading frame, essentially “pushing 
out” the screw. This approach however introduced several challenges in sample 
preparation, and the effects of the cortical bone removal on the elasticity of the 
remaining bone were questionable at best. 

 

 
Figure 2-3: Examples of good and poor loading geometry. 
A – Good loading geometry; even though some trabecular bone has formed in the bottom part of the implant, there is 
still enough room to assess the strength of the bone-implant interface correctly. B – Poor loading geometry; the screw 
is bi-cortical, penetrating in the dense bone also on the bottom side; the result of loading tests by pushing from the top 
is questionable, but the situation might be improved by surgically removing the bottom bone and mounting the sample 
“bottom up” in the loading frame, as proposed in Paper I. C – Very poor loading geometry; the screw (made out of 
PEEK, hence the low attenuation) is completely in contact with the cortical bone on the side, probably impossible to 
salvage for loading tests.    

A second significant issue was the overall duration of the loading tests (at least several 
hours), which would clash with the necessity of keeping the explants hydrated. 
Attempts were made at wrapping the samples in soaked tissue, however movement 
artefacts would be introduced by the drying process. The most desirable solution, an 
improvement of the scanning speed, was unfortunately delayed by several technical 
issues with the experimental setup. 

In conclusion, the research presented in Paper I and summarised in this Chapter 
determined an interruption of the mechanical testing part of the SynchroLoad project, 
until improvements of the experimental setup would become available. The critical 
dose threshold of 35 kGy which had been established for human bone by previous 
studies (Barth et al., 2010, Barth et al., 2011, Currey et al., 1997), was confirmed to 
be realistic for rat bone as well. At the time of the first scans and first issues, not much 
attention had been dedicated in literature to the issue of radiation damage caused by 
SRμCT scans of ex vivo bone samples (with the exception of the exemplary work by 
Barth et al. (Barth et al., 2010, Barth et al., 2011), and an even older study, focused on 
gamma sterilisation of human bone grafts, by Currey et al. (Currey et al., 1997)). In 
very recent years, the topic has garnered more attention, and an extensive evaluation of 
the effects of SRμCT analyses on the mechanical integrity of bovine trabecular bone 
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has been performed with in situ testing by Peña Fernández et al. (Peña Fernández et 
al., 2018), once again finding a critical threshold around 35 kGy. 

While mechanical testing was no longer carried out during this thesis, a different line 
of work was initiated within the SynchroLoad project, as will be detailed in Chapter 4. 
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3 X-ray high-resolution CT for the 
evaluation of neuropathy in 
gastrointestinal dysmotility  

Everything is better when it rotates.  
― O.v.d.H., M.D. 

 

This Chapter presents an application of high-resolution x-ray CT to the study of 
neuropathy associated to gastrointestinal dysmotility. A first part will describe the 
necessary background and provide a motivation for the study. The employed methods 
will then be briefly discussed. Lastly, an overview of the main results and conclusions 
of Paper II and Paper III will be provided. 

3.1 Motivation 

3.1.1 Medical background 

The gastrointestinal tract extends from the mouth to the anus and has its own nervous 
system, the enteric nervous system (ENS), which rather independently regulates bowel 
functions (Furness et al., 2014). The ENS has submucosal ganglia (clusters of neurons), 
that can be reached through endoscopy, and deeper less accessible myenteric ganglia 
between the two muscle layers, which demand full-thickness biopsy through surgery 
(Keller et al., 2018). Due to its location, diseases in ENS are seldom studied, and often 
overlooked (Keller et al., 2018, Gatopoulou et al., 2012).  

When abdominal pain and altered bowel habits are not accompanied by any 
objective structural changes in routine clinical examinations, the patient is diagnosed 
with functional bowel disorders (Lacy et al., 2016). The most common of these is 
irritable bowel syndrome (IBS), with a worldwide prevalence of 4%-10% in the 
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population (Sperber et al., 2021). Since the patients get no explanations to their 
symptoms, they continue to search for help at different instances, with significant costs 
for society. 

When clear structural changes are apparent, the diagnosis of enteric neuropathy is 
set, and the patient gains improved access to health care and economic support; 
different treatment strategies also become available. An appropriate diagnosis is thus 
essential for the patients, but the difficulty in reaching and examining the ENS means 
that often the exact diagnosis depends exclusively on the degree of examination. 

Previous histopathological analyses of full-thickness biopsies have shown changes in 
the myenteric ganglia of individuals diagnosed with IBS (Ohlsson et al., 2018), 
suggesting neuropathy as a possible cause for some IBS symptoms. Extraction of full-
thickness biopsies is however a very invasive procedure, which may lead to perforation 
of the bowel wall, hence why these biopsies are only performed in severe cases of disease, 
with aggravating symptoms.  

In recent years, methods to obtain submucosal biopsies have been developed, with 
less risk of perforation (Rajan et al., 2016, Walther et al., 2016). This raises the 
opportunity to study submucosal plexa, which register visceral sensitivity/pain; if 
neuropathy could be assessed in the submucosal plexus in association with IBS, an easier 
way to perform a diagnosis may become available. Several studies have also documented 
biochemical and structural alterations in peripheral nerves in diabetes (Thomsen et al., 
2009, Løseth et al., 2016, Ekman et al., 2020), which are related to abdominal 
complaints; establishing a connection between alterations in the peripheral nerves and 
neuropathy of the ENS could enable the use of far less intrusive skin biopsies as a way 
to diagnose certain types of enteric neuropathy. Skin biopsies are already used in the 
assessment of several diseases of the autonomic nervous system (of which the ENS is a 
part) (Wang and Gibbons, 2013), so the connection, recently observed (Ohlsson et al., 
2020) but still unconfirmed when the study described in this Chapter was initiated, 
appeared as quite plausible. 

3.1.2 X-ray high-resolution CT as virtual histology 

The most commonly used techniques in the evaluation of ENS or skin biopsies are 
histopathological and immunochemical examinations by means of light microscopy 
and confocal fluorescence microscopy. While these methods provide high 
magnification and specificity, they present several downsides: they require slicing of the 
sample in 3-5 μm thick sections, are time-consuming and only provide structural 
information in 2D planes. Volumetric results have been obtained by serial sectioning, 
either physical (Vanderwinden et al., 2000, Toma et al., 1999, Grover et al., 2012) or 
optical (with confocal fluorescence microscopy) (Cobine et al., 2011), at the cost of an 



41 

even longer time to perform the analyses; the depth resolution of sectioning approaches 
is also fairly limited, which makes it difficult to determine the connections between the 
different components of the ENS. Very recently, a different method has been 
introduced for 3D confocal microscopic examination of human intestine without 
embedding and sectioning (Graham et al., 2020); the technique however requires 
several time-consuming preparation steps, including tissue cleaning and 
immunohistochemical staining. 

High-resolution x-ray CT has the potential to provide 3D information about the 
ENS structure with minimal sample preparation, no need of physical sectioning, and 
with isotropic resolution. The volumetric datasets could then be digitally sectioned 
along any arbitrary direction, to perform so-called virtual histology. The concept of 
virtual histology has gained a lot of attention in recent years, as one of the most 
significant advantages of state-of-the-art high-resolution CT methods over traditional 
histology (Khimchenko et al., 2016, Albers et al., 2018). Lab-based μCT, both with 
standard absorption contrast (Khimchenko et al., 2016) and with phase contrast 
(Töpperwien et al., 2018), has been proven to provide enough contrast and resolution 
to visualize individual cells in human cerebellum. Synchrotron-based techniques, such 
as hard x-ray nano-holotomography (nHT) (Cloetens et al., 1999), have also been 
successfully employed in the study of the human cerebellum at nanometre resolution 
(Töpperwien et al., 2018, Khimchenko et al., 2018), even beyond the optical resolution 
limit. The use of these techniques appeared thus quite promising to assess ENS and 
peripheral nervous system. 

3.1.3 Goals of the project 

A collaboration was initiated with Bodil Ohlsson’s research group at the Department 
of Clinical Sciences in Malmö (Lund University), with the plan to employ lab-based x-
ray phase-contrast μCT and synchrotron-based nHT for a threefold purpose: 

1. Evaluate morphological changes of the myenteric plexus in health and 
disease. 

2. Determine if structural alterations can be observed in submucosal plexus in 
certain types of enteric neuropathy and, if so, whether they can be linked to 
alterations of the myenteric plexus. 

3. Compare alterations between enteric nerves and peripheral nerve fibres in 
skin biopsies. 
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3.2 A multi-scale analysis 

The study was performed on full-thickness biopsies and matching skin biopsies from 
sick and healthy individuals. After excision, the biopsies had all been fixed in formalin, 
dried and embedded in paraffin blocks. To match the requirements of the μCT and 
nHT setups, the sample size had to be reduced. For this purpose, in the full-thickness 
biopsies representative areas of the ENS with presence of myenteric ganglia or 
submucosal plexus were identified in haematoxylin and eosin-stained sections. By a 1-
mm punch, a biopsy centred on the interesting areas was then extracted from each 
paraffin block and put into a polyimide tube. The skin biopsies were handled in a 
similar way, extracting a 1-mm punch with a dissection microscope. 

X-ray phase-contrast imaging was performed on tomography instruments designed
and implemented by Tim Salditt’s group at the Institute for X-Ray Physics, University 
of Göttingen (Töpperwien et al., 2018, Salditt and Töpperwien, 2020): two laboratory 
μCT setups (one equipped with a liquid jet anode source, Figure 3-1A, another with a 
rotating anode, Figure 3-1B), located in Göttingen, and a dedicated nHT end-station 
(Salditt et al., 2015) (GINIX) installed at the P10/PETRAIII beamline, in Hamburg 
(Figure 3-1C). 

Figure 3-1: Schematics of the experimental setups used in Paper II and Paper III. 
A – Laboratory setup with liquid-metal jet anode source, based on propagation-based phase-contrast in the direct 
contrast regime. B – Laboratory setup with rotating anode source, based on propagation-based phase-contrast in the 
direct contrast regime. C – Synchotron end-station (GINIX), which employs nano-holotomography by acquiring 
different projections at different positions in the holographic regime. In Paper III, the end-station was also used in 
parallel-beam configuration, by forgoing the waveguide and illuminating the sample directly with the parallel radiation 
coming from the undulator. Figures adapted from (Salditt and Töpperwien, 2020) (open access CC BY 4.0). 
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The laboratory setups, which work with propagation-based phase-contrast, allowed 
to image the whole 1 mm wide samples with a ~1 μm effective voxel size (~ 8 h scan 
time per sample). Selected regions of interest were then scanned in the synchrotron 
based endstation, which through nHT allowed to image regions of 320x320x320 μm3 
with an effective voxel size of 176 nm (~ 3.5 h scan time). In a second beamtime 
(performed after the measurements presented in Paper II), the synchrotron endstation 
was also equipped with a parallel-beam configuration (Frohn et al., 2020), which 
enabled to measure the full samples with a 0.65 μm effective voxel size and a very fast 
scan time (around 1.5 minutes for a full scan). Phase retrieval, ring removal and 
tomographic reconstruction for all the setups were performed with reconstruction 
pipelines developed by Salditt’s group (Lohse et al., 2020). 

3.3 Summary of results 

3.3.1 Myenteric plexus 

The first results of the myenteric plexus analysis are presented in Paper II. In brief, the 
μCT measurements allowed to visualise the 3D network of ganglia and interconnecting 
nerve bundles, while the nHT scans presented sufficient contrast to follow and analyse 
the various cellular components of the myenteric ganglia, i.e. neurons and glial cells, 
the periganglional space and the smooth muscle cells. 

A qualitative comparison between healthy and sick samples was performed with 
virtual histology by a pathologist, who could identify significant differences both in the 
overall structure of the network and in the cellular components of the myenteric ganglia 
(Figure 3-2A and 3-2B). Compared with state-of-the-art immunohistochemistry, 
however, x-ray virtual histology could not differentiate between cell types with similar 
shape but different function (Veress and Ohlsson, 2020) (Figure 3-2C). The necessity 
of extracting a 1-mm biopsy punch, coupled with the long scan time of the laboratory 
setups, was also seen as a further disadvantage of the method. 

In the μCT scans, the neural tissue network could be segmented, enabling a 
quantitative evaluation of the neural tissue volume over total biopsy volume ratio, as 
well as an estimation of neural tissue thickness (Figure 3-2D and 3-2E).  

A segmentation of the individual cells in the nHT scans was instead complicated by 
the low contrast of the very thin cell membranes. Promising results could be obtained 
with texture-based machine learning segmentation (using the free software ilastik (Berg 
et al., 2019)), but were ultimately not included in the paper as still not satisfactory 
(Figure 3-3). 
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Figure 3-2: Comparison of x-ray virtual histology with state-of-the-art histology and immunohistostaining. 
X-ray virtual histology acquired with nHT (A) is comparable to standard histology with haematoxylin and eosin staining 
(B) in the assessment of the cellular components of the myenteric ganglia. Aside from neurons and glial cells in the 
main “body” of the ganglion, small spindle-shaped cells are also visible along the contour of the ganglia (long arrows, 
in both A and B). Double immunohistochemical staining (C) can however differentiate the spindle-shaped cells 
between telocytes (stained in brown) and interstitial cells of Cajal (stained in red), which serve separate purposes. 
Even though x-ray virtual histology cannot provide this functional specificity, its advantage is providing three-
dimensional information. This is especially visible when the neural tissue is segmented in the µCT scans, highlighting 
structural differences between healthy (D) and sick (E) individual which would require time-consuming serial
sectioning to be assessed with standard histology. Scale bars in A, B, C: 25 µm; in D and E, the circular cross-section 
of the sample, shown at the bottom, has a diameter of 1 mm. Figures A, B, D and E adapted from Paper II; Figure C 
adapted from (Veress and Ohlsson, 2020) (CC BY 4.0). 

Figure 3-3: Segmentation attempts of the high-resolution nHT datasets. 
The segmentation, achieved with texture-based interactive segmentation in ilastik, showed promise in distinguishing 
the darker features around the ganglia, as well as some of the cells inside them. However, it was not considered 
satisfactory enough, and has been for the moment abandoned. 
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Following Paper II, which was based on the comparison of just two individuals, a 
second beamtime was performed in order to include more samples. A paper about the 
new results is currently in preparation. Recent exploratory μCT scans of full-size biopsy 
blocks at the TOMCAT beamline of the Swiss Light Source (SLS), in Villigen, 
Switzerland, have also shown enough contrast to discriminate myenteric ganglia, which 
could enable the study of the 3D network in a much larger volume and a fraction of 
the time (Figure 3-4A). 

 

 
Figure 3-4: SRµCT of full-size biopsy blocks as future line of work. 
A – Despite the strong artefacts due to the air-sample interface, the enteric neural tissue (arrows) shows enough 
contrast to be distinguished from the neighbouring muscles. This could potentially enable a segmentation of the 
neural tissue network in a much larger area when compared to Figures 3-2D and 3-2E. For direct size comparison, 
the hole left by a 1-mm wide biopsy punch taken on the sample is clearly visible on the right side of the image. B – 
Full-size SRµCT may also enable a better assessment of the submucosal plexus, potentially aiding in finding elusive 
submucosal ganglia, or as a way to assess the three-dimensional aspect of villi and crypts. C – Volume rendering of 
the sample shown in B; the villi are readily visible, and highly attenuating cells are visible on the surface.  

3.3.2 Submucosal plexus 

No ganglia could be distinguished by the pathologist in any of the scans of the 
submucosal plexus. It was impossible to determine whether this was due to a limitation 
in the density contrast offered by the techniques, or to a real absence of the ganglia in 
the biopsy punch. The submucosal ganglia have smaller size and a more irregular 
distribution when compared to the ones in the myenteric plexus, hence the chance that 
the punch might have missed them is very high. The same is valid for the thin 
submucosal nerves. Other structures of the small intestinal mucosa, such as villi and 
crypts with their different types of cells, could be easily identified in the μCT and nHT 
scans, but a qualitative comparison of their structure highlighted no difference between 
patients and controls. For these reasons, an analysis of the submucosal nervous system 
by means of x-ray tomography has been for the moment abandoned. Scanning the full-
size biopsies may help in identifying the elusive submucosal ganglia, or in assessing the 
3D structure of villi and crypts (Figures 3-4B and 3-4C). 
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3.3.3 Skin biopsies 

The main results of the skin biopsy analysis are presented in Paper III. The lab-based 
μCT scans clearly showed the different layers of the epidermis, and could separate 
glands, hair follicles, and blood vessels from the connective tissue fibres of the dermis. 
In the parallel-beam measurements of the synchrotron setup, differences in the 
architecture of the dermal fibres were observed in some patients with gastrointestinal 
dysmotility compared with controls and other patients with dysmotility; however, it 
was impossible to differentiate between fibres, cellular elements and nerves. The same 
was unfortunately true for the nHT scans as well, although a suspect epidermal nerve 
fibre could be identified in one patient. 

In conclusion, while well-suited for the evaluation of connective tissue, x-ray μCT 
and nHT were found still inferior to immunohistochemistry and electron microscopy 
in separating various cell types and identifying skin nerves. Possible improvements in 
this sense could be given by staining with contrast agent, as successfully demonstrated 
in a recently published nHT study of osmium-stained peripheral nerves (Dahlin et al., 
2020).   
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4 Multimodal imaging of Mg-based 
biodegradable implants in bone 

Du gust is megl che uan. 
― Italian wise man 

 

In this chapter we return to the topic of characterisation of biodegradable Mg-based 
implants for osseointegration, already introduced in Chapter 2, but with a shifted 
attention towards the elemental composition of the degradation by-products, which in 
this thesis work has been examined by using a combination of different techniques. A 
first part of the chapter will explain the medical motivation behind this interest, and 
the limits of current state-of-the-art techniques to investigate this topic. Subsequently, 
the novel methods employed in this thesis work will be detailed, using concepts already 
laid out in the Theory chapter. Lastly, the chapter will introduce Paper IV and Paper 
V, providing brief specific background for each of them and summarising their main 
results and conclusions. 

4.1 Background 

4.1.1 The toxicity problem and the importance of elemental distribution 

As extensively described in Chapter 2, biodegradable Mg-based alloys are attracting a 
lot of interest as materials of choice for osseointegration devices, because of their 
potential to support the bone during healing and then dissolve into biocompatible by-
products after full recovery (Virtanen, 2011). 

 It has also been already mentioned that several possible alloying elements are being 
investigated in search of the optimal Mg-alloy. When selecting a candidate alloying 
element, the main considerations are its strengthening ability, its influence on the 
corrosion behaviour and its toxicity. The SynchroLoad project detailed in Chapter 2 
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had the clear purpose of evaluating strengthening ability and influence on corrosion 
behaviour of Gd as an alloying element, but the potential toxicity aspect had been 
substantially neglected. 

The toxicity of Gd, as well as that of other rare earth elements (REE), has been 
investigated in the past but remains controversial (Weng et al., 2021). While chelated 
Gd has been used in the medical field as contrast agent for magnetic resonance imaging 
for several decades already (Weinmann et al., 1984), multiple reports about its toxicity 
have emerged over the years (Broome et al., 2007, Ramalho et al., 2017). The most 
concerning issue linked with the use of Gd for osseintegrated devices could be the 
release over time of free Gd3+ ions, which have been shown to act as very efficient Ca2+ 
antagonists (Biagi and Enyeart, 1990), with especially negative effects on bone quality. 
While in vitro toxicity tests have shown a lower toxicity of Gd compared to other REE 
(Feyerabend et al., 2010), it is still unclear whether this would be reflected in the in 
vivo case as well (Weng et al., 2021). 

The overall toxicity is most certainly affected by the behaviour of the alloying 
elements during implant degradation, which is however still poorly understood in vivo. 
A common expectation is that the excess material should be excreted from the body via 
normal bodily functions. In that case, eventual Gd3+ release would be a time-limited 
problem, if a problem at all. However, a recent study has evidenced accumulation of 
Gd in the main excretory organs (spleen, lungs, liver and kidneys) of rats after 
implantation of Mg-Gd pins for 12 weeks (Myrissa et al., 2017). Since Gd3+ is so similar 
to Ca2+, one could expect an even higher accumulation of Gd into the bone surrounding 
the implant; in fact, Gd presence has been already revealed in the bone of human 
patients injected with Gd-based magnetic resonance contrast agents (Darrah et al., 
2009). On the other hand, small-angle x-ray scattering, performed on some of the 
SynchroLoad samples themselves, has suggested instead a possible permanence of Gd 
at the implant site (Zeller-Plumhoff et al., 2020) even after 12 weeks of implantation. 
In this case, an eventual slow release of Gd3+ ions over time would clearly be concerning, 
as the Gd bulk would remain in place for a long time. 

Given these disparate findings, the importance of techniques capable of providing 
information regarding the elemental composition of the corrosion by-products cannot 
be understated. 

4.1.2 Available techniques and their limits 

Some of the most common techniques used for direct elemental analysis are XRF and 
EDX, which, as briefly introduced in Chapter 1, are both based on inducing 
characteristic x-ray emission (i.e. fluorescence) from the sample. These techniques have 
already been extensively employed in the characterisation of biodegradable Mg-based 
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implants in bone (Esmaily et al., 2017), for example to track Mg accumulation in the 
proximity of implants (Grunewald et al., 2016), or the migration of yttrium used as 
alloying material (Turyanskaya et al., 2016). Both of them have also shown capability 
of revealing Gd accumulation in mice (Delfino et al., 2019) and humans (Sanyal et al., 
2011) following injection of Gd-based contrast agents. Nevertheless, a problem with 
these methods is that they are limited by the depth of penetration of the selected probe 
(as well as by the self-absorption of the emitted x-ray photons inside the medium); as 
such, they are normally regarded as surface techniques, and require sectioning of the 
sample in order to access the interface of interest. The degradation of Mg-based 
implants however is not homogeneous (Zeller-Plumhoff et al., 2018), hence the results 
of these 2D techniques will depend on the slicing plane and could end up missing the 
full picture. Moreover, since ex vivo samples are far more difficult and costlier to obtain 
compared to in vitro ones, it would be preferable to extract full information from them 
rather than studying only a few selected slices. While 3D fluorescence imaging is an 
existing technique, its use is still limited to a relatively small number of synchrotron 
facilities worldwide. Furthermore, it is typically used for smaller and softer samples; 
bone explants with metal implants would most probably prove to be too absorbing to 
be imaged successfully. 

As already described in Chapter 2, the most common way to extend the analysis of 
Mg-based implants to 3D is x-ray μCT. The method however does not provide 
elemental decomposition: despite the fact that x-ray attenuation depends on the 
material’s atomic number, this information alone is not enough to discriminate 
between the different elements, since density variations and element mixtures will 
influence the result. For that reason, even though SRμCT has shown enough density 
resolution to be able to appreciate attenuation variations within the corrosion layers 
(Galli et al., 2016), the method has only been used thus far to observe the degradation 
morphology in 3D and to estimate degradation rate by means of implant volume 
reduction over time, without any attempt at linking attenuation to composition 
(Zeller-Plumhoff et al., 2021b, Zeller-Plumhoff et al., 2018, Zeller-Plumhoff et al., 
2021a, Krüger et al., 2021b, Krüger et al., 2021a). A few studies have explored k-edge 
subtraction SRμCT as a way to evaluate the distribution of REEs (Witte et al., 2006, 
Davenport et al., 2007) in Mg-RE-based implants, however the technique has not been 
extensively picked up for this sort of application yet, probably because of its relatively 
poor signal-to-noise ratio and the necessity to select the element to investigate a priori. 

4.1.3 Overcoming the limitations 

One possible solution to these limitations would be to combine SRμCT with 2D 
fluorescence techniques, in order to correlate patterns in x-ray attenuation with directly 



50 

measured elemental compositions. While this requires some way of registering 2D 
datasets to 3D ones, which can be quite challenging depending on contrast differences 
and on mechanical deformations introduced when slicing the sample, the strong 
advantages are that both the techniques are already well established in the field and that 
the fluorescence map is a direct measurement of elemental composition, which is hence 
known exactly at least for one slice of the volume. This method has been explored in 
Paper IV, as will be detailed later when the two papers are presented. 

A different approach to obtain elemental discrimination in 3D would be an indirect 
one, based on combining 3D datasets acquired with different contrast mechanisms, not 
necessarily directly representative of elemental composition, but functions of it. If the 
chosen contrast mechanisms have different response functions to the combination of 
elements contained in the material, comparing the response between the two sets could 
provide insights about the elemental composition. In this thesis work, an attempt at 
this approach was made by combining neutron and x-ray μCT. This method is the 
main highlight of Paper IV and Paper V, and as such will be further described in the 
next section. 

4.2 Combining neutron and x-ray tomography 

4.2.1 Overview 

As anticipated in Chapter 1, neutrons interact with matter according to different 
mechanisms when compared to x-rays. Since they interact with atomic nuclei rather 
than atomic electrons, the interaction cross-section depends on the nuclear structure 
rather than the electronic structure of the material. As such, the contrast provided by 
neutron tomography is much different than the one associated to x-ray tomography, 
and the two techniques are often considered as complementary one to the other. 

From a biological perspective, an interesting “feature” of using neutrons is the high 
attenuation provided by hydrogen, which, being part of water molecules, is obviously 
highly present in every living organism. While this could be crucial for biological 
applications of neutron imaging, and has been successfully exploited in experiments 
that tracked water uptake in plants (Tötzke et al., 2021), in practice the high water 
content in any kind of biological tissue has to date proven to be more problematic than 
helpful for the study of “wet” tissue, restricting the use of neutron tomography to 
mostly inorganic materials. 

As far as inorganic materials are concerned, neutrons are widely used for their high 
penetration of metals when compared to x-rays, which is incredibly valuable in 
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engineering applications and in quality control for the industry. Given their high 
sensitivity to light elements, such as the aforementioned hydrogen but also carbon and 
nitrogen, neutrons are also uniquely capable of providing high contrast for light 
materials, such as plastics, inside metallic casings, or to visualise the movement of fluids 
like oil or water in large metal objects. 

The complementarity of neutron and x-ray tomography has been known since the 
first neutron imaging experiments, but the combination of the two methods has seen 
an increase in viability only in the last two decades, following constant improvements 
in the spatial resolution provided by neutron tomography setups (Kaestner et al., 2017, 
Lehmann et al., 2021). Successful bimodal neutron and x-ray tomography has been 
beneficial in the study of fuel cells (Ziesche et al., 2020), plant roots (Kaestner et al., 
2017, Tötzke et al., 2021), porous construction materials (Stavropoulou et al., 2020) 
and archaeological samples (Mannes et al., 2015, Jacot-Guillarmod et al., 2019). A few 
very recent studies have also investigated the potential of combined x-ray and neutron 
imaging to avoid metal artefacts in the proximity of permanent stainless steel (Isaksson 
et al., 2017) and titanium (Törnquist et al., 2021) implants in bone. 

4.2.2 Method 

After acquiring tomographic scans of the same object with both neutrons and x-rays, a 
series of steps is necessary in order to facilitate the subsequent analysis. 

The first crucial one is digital registration: since the two datasets are typically 
acquired with different experimental geometries and detectors with different pixel 
counts, they will need to be subjected to a series of digital transformations in order to 
be projected onto the same coordinate system. The optimal way to achieve this purpose, 
which is usually a combination of affine transformations (translations, rotations, scaling 
and sheer), can be determined with a wide variety of methods. In Paper IV and Paper 
V, a commercial software was used to this end (Amira, Thermo Fisher Scientific), 
however open-source toolkits tailored to bimodal x-ray and neutron imaging are also 
existing (Stamati et al., 2020). 

Once the volumes have been projected onto a common coordinate system and 
resampled on the same grid, each voxel will be associated to an intensity value in the 
neutron domain and one in the x-ray domain. How to present the results then depends 
on the type of insights that are provided by the bimodal imaging. For some qualitative 
studies, as in Paper IV, it could be sufficient just to present the same slice in the two 
modalities, either side-by-side or overlapping the two with false colour maps or with 
checkerboard views. In other cases, more advanced analysis can be performed. 
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Figure 4-1: Bimodal analysis of x-ray µCT and neutron µCT by using the bivariate histogram. 
After the volumes have been registered one onto the other, the same transversal section can be visualised in both the 
imaging modalities. In this case of a Mg-4Y-3RE implant, presented in Paper V, the section is quite different in the x-
ray domain and the neutron domain. In particular, a “hole” appears in the central part of the screw in the neutron µCT, 
while the same area appear as homogeneous in the x-ray µCT scan. A bivariate histogram (top left) can be created by 
plotting x-ray attenuation vs neutron attenuation, and binning the axes in order to obtain density information in the 
form of intensity (represented by the false-colour map). Regions of interest can be manually selected in the bivariate 
histogram, and used to label the different phases, obtaining a segmentation (bottom right). In Paper V, an automatic 
clustering method has been explored, to eliminate the user bias that might be introduced by the manual selection. 

An important step of the bimodal analysis is the bivariate histogram plot of the 
intensities (Figure 4-1). If one was to scatter plot all the voxels in a neutron intensity vs 
x-ray intensity graph, the cloud of points of the full 3D volume would usually be too
dense to be interpreted. By discretising the intensity values into bins, and inserting each
voxel into the bin it pertains to, the information is much easier to parse and density
distributions, which correspond to the features contained within the images, are
highlighted.

From a bivariate histogram, segmentation using the bimodal intensity values can be 
performed in a variety of methods, which are usually based on isolating the clusters of 
interest and associating different labels to the voxels pertaining to different clusters. The 
easiest method to achieve this purpose is manual selection of contours that contain the 
clusters of interest; this approach is fast, allows a quick visual check of which features 
correspond to which clusters and can be sufficient if a limited number of samples is 
being investigated. On the other hand, manual selection has limited reproducibility, so 
semi-automatic or fully automatic clustering methods could be preferable, especially 
with the prospect of imaging several samples that need to be compared among 
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themselves. Since the topic of cluster analysis is crucial in several fields of science, 
ranging from computer vision to economy and marketing, a wide variety of clustering 
algorithms is already available and several toolboxes can be found which offer a 
relatively painless implementation, for example the Python-based Scikit-learn 
(Pedregosa et al., 2011). In the topic of bimodal neutron and x-ray imaging, Gaussian 
mixture methods have been proven a valid alternative for automatic clustering 
(Törnquist et al., 2021, Roubin et al., 2019). In Paper V, a segmentation approach 
based on the HDBSCAN clustering method (McInnes et al., 2017) has been 
attempted, with a reasonably good degree of success. 

4.3 Multimodal imaging of Mg-based implants 

The methods described in this Chapter have been used to investigate the elemental 
composition of corrosion by-products of biodegradable Mg-based implants in bone. 
First experiments were carried out on Mg-Gd samples from the SynchroLoad project, 
which have resulted in Paper IV. Follow-up studies have been performed on different 
Mg-based alloys (Mg-10Gd, Mg-4Y-3RE and Mg-2Ag) at a much longer healing time, 
and have been collected in Paper V. 

4.3.1 Biodegradable Mg-Gd screws with 12 weeks healing time 

As explained in the opening of this Chapter, the distribution of Gd following Mg-Gd 
implant corrosion is a matter of concern, since the toxicity of Gd is still controversial. 
For that reason, it was decided to investigate a few samples from the SynchroLoad 
project with techniques capable of showing elemental composition of the corrosion 
layer. Neutron tomography was particularly appealing for these samples, as Gd presents 
an extremely high attenuation coefficient for neutrons (Rauch and Waschkowski, 2003, 
Sears, 2006); as such, we believed that any migration of Gd into the bone surrounding 
the implant would be clearly visible in the neutron tomograms. 

The samples were part of the ex vivo group which had been critical point dried 
following surgery (i.e. not the ones supposed to be used for the mechanical testing). 
After SRμCT, the dried samples were embedded in plastic resin and then cut in halves; 
one half had been used for histological sectioning, but the other half was available for 
other studies. EDX analysis was performed on 3 samples for each alloy (Mg-5Gd and 
Mg-10Gd), as well as on 3 samples with Ti screws for control; only the longest healing 
time point (12 weeks) was investigated, as the main goal of the analysis was to observe 
long-term behaviour of Gd. 
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Two dehydrated samples, one of each Mg-Gd alloy, were kept intact and not 
embedded in resin, in order to be scanned with neutron tomography. By using 
dehydrated samples (and avoiding the plastic resin, which is clearly rich in hydrogen 
and carbon), issues stemming from high hydrogen content in water could be avoided. 
Two non-implanted screws, one of each type, were also scanned as controls. The 
neutron experiments were carried out at the CONRAD-2 beamline of the (now 
decommissioned) BER-II research reactor in Berlin, Germany, with a 13 μm effective 
voxel size and around 13.5 h scanning time for a full tomography. 

As part of the analysis, the EDX maps and the matching histological sections were 
identified in the corresponding SRμCT volumes using semi-automatic digital 
registration in Amira (Thermo Fisher Scientific). Similarly, the neutron μCT datasets 
were registered to their SRμCT counterparts.  

All the results pointed to the conclusion that, at the investigated time point, the 
corrosion had interested only the Mg component of the alloys, while the Gd still 
remained at the implant site. This was observed directly in the 2D EDX maps and was 
extended to 3D with SRμCT and neutron μCT. XRF analysis of excretory organs that 
had presented Gd accumulation in previous similar studies (Myrissa et al., 2017) 
showed no Gd presence in our case, further reinforcing our conclusion.  

X-ray attenuation patterns observed in the corrosion layer of the implants could be
linked to the formation of sub-layers with different Ca and P elemental concentrations, 
revealed by EDX mapping. This was consistent with what is known about Mg corrosion 
in vitro, where Mg is progressively substituted by Ca and P (Ahmad Agha et al., 2016, 
Marco et al., 2017). 

The neutron μCT scans, while crucial to assess the Gd distribution in 3D, did not 
provide much information on any of the other elements, since their attenuation was 
overpowered by the one of Gd. For that reason, in Paper IV the only comparison 
between x-ray and neutron tomograms was a qualitative one, showing the implant’s 
appearance in the two contrast methods. While from a neutron point-of-view the 
screws looked perfectly intact, owing to the Gd permanence, SRμCT revealed corrosion 
layers similar to the ones observed in the samples compared with EDX. In particular, 
what was supposedly the non-corroded bulk of the implant, which EDX showed to be 
still rich in Mg, could be segmented in 3D from the SRμCT scans, revealing a much 
different aspect compared to the original shape of the screw. 

4.3.2 Biodegradable Mg-based alloys with 9 months healing time 

Since the study reported in Paper IV had shown that Gd was still at the implant site 
after 12 weeks, the question of potential toxicity was still open, as it was unclear whether 
Gd would remain there indefinitely, or if it would eventually disintegrate. The obvious 
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follow up study was to explore longer healing times. Unfortunately, we would not have 
enough time to set up a completely new and dedicated study, as the time required for 
obtaining ethical permissions and performing animal experiments would be too long. 
However, leftover ex vivo samples were found from an older project, which had been 
the precursor of SynchroLoad. In this previous study, three different Mg-based alloys 
had been investigated with up to 9 months healing times in rabbits: an alloy based on 
Gd, Mg-10Gd, an alloy based on yttrium (Y) and a mixture of REE, Mg-4Y-3RE, and 
an alloy based on silver (Ag), Mg-2Ag. The purpose of that study had been to assess 
degradation performance of the alloys and evaluate the tissue response, but there had 
been no focus on the elemental composition of the degradation by-products. 

For our study, we once again prioritised the longest healing point available (in this 
case, 9 months). We managed to scan 2 samples each of the Mg-4Y-3RE and Mg-2Ag 
alloys, and 1 sample of Mg-10Gd. All the samples were critical point dried, in the same 
way as in Paper IV. Non-implanted screws of the new alloys were also imaged, for 
reference. 

All the scans were carried out at the NeXT-Grenoble beamline (Tengattini et al., 
2020) of the ILL research reactor, in Grenoble, France. The beamline is equipped with 
an x-ray tomography setup inside of the hutch, so that bimodal tomography could be 
performed without having to move the sample, for an easier image registration (Figure 
4-2). 

 
Figure 4-2: Schematic description of the imaging setup at NeXT-Grenoble. 
The beamline employs a pinhole geometry (common in neutron imaging facilities), where the cold neutron beam is 
collimated by the combination of a small aperture (pinhole), with diameter D, and a long distance L (=10m) from the 
aperture to the sample position. In this way, the image quality depends on the ratio L/D, and several pinhole sizes can 
be used based on the chosen compromise between flux and spatial resolution, as detailed in (Tengattini et al., 2020). 
Once the beam gets to the imaging zone, the experimental geometry is the one of standard tomography, with a 
rotating sample stage and a scintillator-based detecting system. The beamline is also equipped with an x-ray µCT 
setup (in red), which enables bimodal imaging without having to move the sample between the two modalities. Figure 
reprinted from (Tengattini et al., 2020) (CC BY-NC-ND 4.0). 

As a first result of Paper V, the Mg-10Gd sample revealed a behaviour very much 
similar to what observed in Paper IV. The implant looked still mostly intact, even after 
9 months of healing time (albeit in rabbits, rather than in rats like in Paper IV). The 
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longevity of this alloy came as a surprise, especially considering the high fragmentation 
observed in previous studies for what was nominally the same alloy after just 12 weeks 
in rats (Myrissa et al., 2017). As mentioned in Chapter 2, however, impurities play a 
significant role in corrosion behaviour, so a possible explanation for the discrepancy is 
that the older study had a lower alloy purity than the more recent experiments. 
Nevertheless, our study showed that Gd was still mostly present in the implant site even 
after 9 months, with possible implications on the long-term effects of the implant. 

The most interesting findings of Paper V, however, involve the other two alloys. The 
absence of Gd allowed in this case to appreciate differences in neutron attenuation 
within the corrosion layers, and to compare them with the ones observed with x-ray 
tomography. By segmenting the images with clustering methods, evaluating the x-ray 
and neutron attenuation coefficients of the different phases, and comparing the results 
with XRF elemental maps acquired on samples from the same batch, it was possible to 
conclude that: 

• For both Mg-4Y-3RE and Mg-2Ag, combining neutron and x-ray μCT
allowed to discriminate in a volumetric way which parts of the implant are
still not corroded from the ones that have interacted with the hydrogen in
the body. X-ray μCT alone is not capable of discriminating this difference,
which could have significant consequences in the correct estimation of
corrosion rates of biodegradable implants by means of sole x-ray μCT, and
might explain in part the discrepancy between corrosion rates measured in
vitro (with direct methods) and the ones measured ex vivo (typically assessed
with x-ray μCT) (Sanchez et al., 2015).

• In the case of Mg-2Ag, neutron and x-ray μCT, combined with XRF to
guide the assessment, could also separate between different corrosion layers
and corrosion by-products, potentially extending to 3D the surface results
of XRF.

These findings support the validity of bimodal x-ray and neutron tomography as a 
uniquely promising technique for the evaluation of biodegradable implant corrosion, 
and further studies will surely be conducted in the future to investigate the potential of 
this method. 
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5 Conclusions and future directions 

Alone we can do so little, together we can do so much. 
― Helen Keller 

 
This thesis, the first in the X-ray Phase Contrast Group of the Department, has aimed 
at exploring potential applications of state-of-the-art x-ray and neutron imaging 
techniques for the study of biomedical samples, with the hope of providing examples 
that could promote the techniques within the medical community and encourage 
future collaborations between medicine, natural science and engineering. 

Two main lines of work have been detailed, one focused on the evaluation of 
corrosion processes of Mg-based biodegradable implants for osteosynthesis, the other 
dedicated to assessment of neuropathy in human gastroenteric dysmotility. 

For the first line of work, the main conclusions have been: 
• SRμCT can in principle be employed to assess the mechanical properties of 

the bone-implant interface, but particular attention needs to be paid to the 
radiation dose deposited on the sample, and the mechanical loading 
geometry should be accurately considered in the planning step of the 
experiments (Paper I). 

• In the case of biodegradable implants based on Mg-Gd alloys, a 
combination of x-ray μCT, neutron μCT and fluorescence mapping 
methods has revealed Gd permanence at the implant site after 12 weeks 
(Paper IV) and even after 9 months of healing time (Paper V). This could 
have serious implications on the long-term effects of this type of implants, 
and further evaluations on the behaviour of Gd over time will be necessary. 

• When Mg-based biodegradable implants without Gd were considered, 
combining x-ray and neutron μCT, with the support of μXRF, has enabled 
to discriminate different corrosion by-products in a way which was not 
possible with x-ray μCT alone (Paper V). This could potentially shed light 
on the discrepancy reported in literature between in vitro and in vivo 
degradation rates (Sanchez et al., 2015), as the latter are commonly assessed 
in a volumetric way by means of x-ray μCT. 
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The second line of work has led to the following conclusions: 
• Virtual histology with x-ray phase-contrast μCT could assess the 3D

structure of the unstained myenteric nervous system, showing qualitative
and potentially quantitative differences between controls and patients
affected by gastrointestinal dysmotility. High-resolution nHT also
presented sufficient contrast to follow and analyse the various cellular
components of the myenteric ganglia, revealing once again variation in
health and sickness (Paper II). The method however couldn’t distinguish
between cells of similar shape but different function, resulting in this inferior
to state-of-the-art immunohistochemistry.

• X-ray phase-contrast μCT and nHT struggled to visualise peripheral nerves
in unstained skin biopsies; the method cannot hence be used yet as an
alternative to full-thickness biopsies in the assessment of neuropathy of the
ENS. Nevertheless, synchrotron-based techniques could identify structural
changes in the connective tissue of some patients when compared to controls
and other patients.

While this exploratory work has been reasonably successful and encouraging, future 
improvements can be envisioned in all the different topics.  

In the mechanical loading tests of biodegradable implants, based on the assessments 
presented in Paper I, measurements with lower dose and “push-out” geometry of all 
the remaining samples have been recently performed, and data analysis is currently 
being carried out by the group in Hamburg. The “dose problem” is however still 
significant and limits the number of sampling points for the loading curve without 
compromising too much the image quality, which is reportedly very important for 
digital volume correlation techniques (Grassi and Isaksson, 2015, Dall’Ara et al., 2017). 
Future developments in detector technology and in reconstruction techniques may help 
reducing the dose even further; other possible ways worth exploring could also be the 
use of higher energies, or phase-contrast methods. For the application of the technique 
to biodegradable implants, however, particular attention will always need to be paid to 
the geometry of the mechanical testing, as highlighted in our experience. 

Regarding the topic of x-ray virtual histology, the method has proven its worth in 
Papers II and III, and also in several of the other papers produced during this doctoral 
work but not included in this thesis. The response of every medical doctor involved has 
been one of enthusiasm and fascination, which will hopefully be contagious in the 
community. Even though synchrotron access is quite limited and requires time and 
planning, characteristics that poorly match the needs of clinical applications, promising 
results could be achieved with state-of-the-art laboratory setups as well. Future 
improvements in compact sources and detecting systems, and possibly the development 
of commercial systems of easier use, could enable the use of x-ray virtual histology for 
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diagnostic purposes, as hinted in Papers II and III for the determination of enteric 
neuropathy or changes in the connective tissue structure. To further establish the value 
of the technique over traditional histology, other aspects of future investigation could 
be the use of contrast agents specifically tailored for x-ray imaging, a topic which has 
been relatively ignored until recently, but is showing great promise (Busse et al., 2018, 
Müller et al., 2018), and the use of more advanced segmentation methods. This last 
point in particular has been one of the main bottlenecks for several of the collaborations 
in this work: the constant improvement of imaging techniques will enable access to 
data of increasing complexity; as such, it will be crucial to involve in the collaborations 
experts in image analysis as well.  

Finally, the topic of bimodal x-ray and neutron imaging is still in its infancy, 
especially applied to biomedical samples. As we illustrated in Papers IV and V, the 
technique would appear to be a perfect match for the study of biodegradable implants, 
but further exploration is still necessary. Future directions in this sense could be the 
extension of our measurements to more time-points, in order to obtain corrosion rates 
to compare to standard in vitro and ex vivo ones. Other types of biodegradable metal 
alloys, not necessarily based on Mg, could also be well suited to this technique. As far 
as method improvements are concerned, it would certainly be interesting to explore 
monochromatic x-ray and neutron imaging, and possibly neutron Bragg edge imaging, 
a technique which has already shown significant potential in discriminating between 
different phases in building materials or archaeological artefacts (Woracek et al., 2018). 

In conclusion, the doctoral work presented in this thesis has hopefully laid some 
early steps that will lead to a broader use of advanced x-ray and neutron imaging 
techniques for biomedical applications in the Lund and Malmö area. This region is set 
to become a centre of advanced physics in the near future: after a relatively slow start, 
MAX IV is starting to gain steam and a medical imaging beamline will hopefully gather 
funding soon; the European Spallation Source (ESS) is also currently scheduled to open 
for user activity in 2023, with a neutron imaging beamline, equipped with x-ray μCT 
as well, already planned. A personal hope is that this thesis will inspire future doctoral 
students in the fields of medical radiation physics and medicine to use and explore these 
fantastic instruments and techniques.  
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