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Abstract 
Bones have unique mechanical properties that originate from their main constituents: mineral, in the form of hydroxyapatite (HAp) 

crystals, and collagen type-I. The stiffness of the HAp mineral combined with the flexibility of collagen, and their intricate hierarchical 

arrangement from the smallest individual building blocks to the organ level, result in a composite tissue with a remarkable ability to 

withstand complex loading scenarios. The mechanisms behind this fracture resistance are not fully understood, and further insights are 

necessary to better comprehend the complex interplay between the constituents of bone and their multiscale structural organisation. With 

such knowledge, improved treatments for injuries and diseases could be developed.  

X-ray based techniques have long been state-of-the-art when studying bone tissue. This is due to the strong interaction between x-rays and 

the heavier elements in the mineral compared to lighter elements in the surrounding tissue. However, this strong interaction overshadows 

the information from the collagen phase. Neutrons interact differently with matter than x-rays and exhibit an especially strong interaction 

with hydrogen. As hydrogen is abundant in the organic phase in bone, neutron techniques lend themselves as alternatives or complements 

to their x-ray counterparts for focusing on the collagen rather than the mineral phase.   

The work presented in this thesis explores the potential of neutron scattering techniques in bone research and elucidates the 

complementary nature of neutron and x-ray scattering techniques toward the structural characterisation of bone tissue, both on the nano- 

and microscale. Central to the work are dual modality, i.e., neutron and x-ray, small-angle scattering (SAS) and tomography 

measurements on the same specimens, allowing comparisons between the two probes.  

The first two studies in this thesis employed SAS to study the mineralisation process of newly formed bone, and to elucidate the 

possibility of gaining additional information about bone nanostructure by using neutrons. Small-angle x-ray scattering (SAXS) data from 

cortical bone taken from rabbits at different stages of maturation (from newborn to 6 months of age) showed an increase in thickness and 

orientational homogeneity of the mineral particles as the tissue matured. Comparison of the SAXS results with mechanical data from the 

same cohort of specimens suggested that changes in mechanical properties are explained by the amount of mineral in the tissue as well as 

by the dimensions of the mineral particles. Small-angle neutron scattering (SANS) and SAXS were then used to examine the 

nanostructure of cortical bone from larger animals of different species (cow, pig, and sheep). Comparison of the collected data showcased 

how neutrons and x-rays scatter in a very similar way when interacting with the bone nanostructure, suggesting that bone can be 

considered as a two-component composite material at the investigated length scale.  

The final two studies presented in this thesis focused on the complementarity of neutron and x-ray tomography (NT and XRT) on the 

microscale, and on the influence of hydration on NT image quality and the mechanical properties of bone. In the first tomographic study, 

rat tibiae with metallic implants were imaged with both NT and XRT. Using a dual modality image registration algorithm, the image data 

were compared in terms of visualised structures and the quality of the visualisation. The differences in how neutrons and x-rays interact 

with skeletal tissues and metallic implants were highlighted. Furthermore, the benefits of using both modalities in combination, to benefit 

from their complementary strengths, was demonstrated. Possible improvement of the visualisation of internal structures using NT, by 

regulating the hydration type (H2O or D2O) and quantity in the specimens, was then addressed. Rat tibiae and trabecular bovine bone 

plugs were imaged at different states of hydration (hydrated, dry, and rehydrated in D2O after drying) to investigate the effects on the 

visualisation of structures in the NT images. The imaging was combined with mechanical testing of the bone plugs to assess the changes 

in mechanical properties associated with drying. The trabecular bone plugs showed that drying reduced contrast between bone and soft 

tissues. However, no negative effects on the mechanical properties for the chosen duration of drying were found. Imaging of the rat tibiae 

indicated that the contrast between bone and air was high in the dried state but decreased with increasing rehydration. When free D2O was 

present in the medullary canal, trabecular structures could not be resolved. 

In summary, the work presented in this thesis has demonstrated bone tissue to be a two-component composite material at the nanoscale, 

with the inorganic mineral phase affecting the tissue’s mechanical properties through both the quantity and size of the mineral particles. 

Furthermore, the potential of NT for gaining novel insights about bone on the tissue scale is demonstrated, which paves the way for future 

neutron applications within the field of musculoskeletal tissue biomechanics. Due to the hydrogen sensitivity, NT can be used to identify 

the distribution and amount of soft skeletal tissues within a specimen, which could yield greater information about how soft skeletal 

tissues change, e.g., with age or due to different medical treatments. However, further investigation regarding the state of hydration is 

needed to optimise the visualisation of structures in the NT images. 
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Popular science summary 

Vårt skelett utsätts regelbundet för höga belastningar utan att gå sönder. En av 

förklaringarna är att skelettet främst består av ett hårt mineral och mer flexibla 

proteiner. Dessa byggstenar är organiserade i specifika strukturer som ger ben 

unika egenskaper. På nanoskalan är mineralet format som små plattor som fäster i 

ett nätverk av protein. Benets egenskaper beror på mängden mineral, var 

mineralplattorna sitter, och hur välorganiserat nätverket är. Dessa egenskaper 

ändras när skelettet bildas eller läker efter en skada, men också när vi blir äldre 

eller får vissa sjukdomar så som benskörhet. Benvävnad delas ofta in i två olika 

typer. I våra långa ben, så som lårbenet, finns ett yttre kompakt skal som kallas 

kortikalt ben och i ändarna finns en inre porösare struktur som kallas trabekulärt 

ben. Dessa benstrukturer förändras också när ben bildas, läker, blir äldre eller 

sjukt. För att hjälpa ben att läka, eller kunna motverka att benet blir skörare, är 

det viktigt att förstå vilka förändringar som sker och hur dessa påverkar benets 

egenskaper. 

Röntgenstrålning används ofta för att undersöka ben både för medicinsk 

diagnostik och i forskning. Röntgenstrålning som färdas genom ett material 

interagerar med elektronerna i materialets atomer. Ju fler elektroner desto 

tydligare syns strukturen som avbildas. Mineral har fler elektroner än protein och 

därför syns skelett tydligt medan mjuk vävnad är nästintill transparent. Röntgen 

är alltså inte optimalt för att undersöka proteinet i benet. I den här 

doktorsavhandlingen användes neutroner som komplement till röntgen. Till 

skillnad från röntgenljus som interagerar med elektroner så interagerar 

neutronerna med själva atomkärnan. Det innebär bland annat att neutroner kan 

skilja mellan isotoper, alltså olika varianter av samma ämne. Ett sådant exempel 

är väte och deuterium (tungt väte). Att få fram neutroner är svårt och därför 

används speciella neutronkällor. Dessutom bildas en del farliga partiklar när 

neutronen interagerar med atomer vilket gör att neutroner endast kan användas på 

prover och inte på patienter. Neutroner interagerar väldigt starkt med väte, vilket 

det finns gott om i protein. Målet med den här avhandlingen var att undersöka 

hur neutronmetoder kan vara behjälpliga i benforskning. Utifall att neutroner kan 

se saker som inte syns med röntgen, skulle metoderna kunna assistera i 

utveckling av bättre metoder för att hjälpa ben läka efter en fraktur eller sjukdom.  

I de två första studierna i avhandlingen användes en teknik som kallas låg-vinkel-

spridning för att titta på benets struktur på nanoskalan. Genom att belysa ett 

benprov med en röntgen- eller neutronstråle fås ett spridningsmönster när strålen 

interagerar med mineralplattorna och proteinnätverket. Spridningsmönstret från 
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röntgen kommer till största delen från mineralet och signalen från proteinet 

överskuggas så att den inte är enkelt att titta på. I den första studien användes 

röntgenspridning för att undersöka hur mineralet förändras med ökad ålder i 

benbitar från kaniner. Resultatet visade att mineralplattorna var tjockare och mer 

välorganiserade ju äldre benvävnaden var, och att inte bara mängden mineral 

påverkar benvävnadens egenskaper utan också tjockleken på mineralplattorna. I 

nästa studie användes både röntgen och neutroner för att titta på benbitar från ko, 

gris och får. Jämförelse av spridningsmönstren visade att neutroner och röntgen 

sprids på samma sätt. Det innebär att de enda strukturerna som påverkar 

spridningsmönstret är mineralet och proteinet, vilket har betydelse för hur 

mönstret ska tolkas och vilka slutsatser som kan dras gällande benstrukturen. 

I de följande två studierna användes datortomografi för att titta på benets 

mikrostruktur. Med tomografi tas många två-dimensionella bilder på olika 

positioner kring benet, och dessa sätts sedan samman till en tre-dimensionell bild. 

Fördelen med tomografi är att man mer exakt kan se var till exempel ett implantat 

är placerat. Att titta på just benimplantat är viktigt för att förstå varför de ibland 

lossnar från benet. Vanligtvis är benimplantat gjorda i metall och det är svårt att 

titta på benvävnaden nära implantatet med röntgen eftersom bildartifakter skapas 

när röntgenstrålen interagerar med metallen. Neutroner interagerar inte på samma 

sätt med metall så med neutrontomografi kan man tydligt se benet precis intill 

implantatet. I den tredje studien användes neutron- och röntgentomografibilder av 

råttben med implantat av titan. Förutom att benet nära implantatet syntes bättre i 

neutronbilderna sågs även mjuk skelettvävnad, vilket inte syns tydligt i 

röntgenbilder. En utmaning med neutrontomografi är dock att neutroner 

interagerar starkt med väte. Väte finns inte bara i proteinnätverket utan också i 

vatten. Kroppens vattenhalt gör att neutrontomografibilder av blöta benprover 

visar sämre kontrast mellan ben och bakgrund än röntgenbilder. Samtidigt är det 

viktigt att bibehålla samma vätskehalt som i kroppen eftersom benets egenskaper 

påverkas av dess vattenhalt. I den sista studien jämfördes neutrontomografibilder 

av torrt och blött ben. Vattnet byttes mot tungt vatten genom torkning och 

rehydrering, i ett försök att förbättra kontrasten mellan vävnad och vätska, 

eftersom deuteriumet i tungt vatten inte interagerar lika starkt med neutroner som 

vätet i benet. Mekaniska tester användes för att se hur benets mekaniska 

egenskaper påverkades. Resultatet visade att kontrasten mellan tungt vatten och 

ben var låg, men att benets egenskaper inte verkade påverkas av torkningen.  

Sammanfattningsvis demonstrerar studierna i den här doktorsavhandlingen att 

neutrontekniker har potential att användas för benforskning och att informationen 

som fås komplimenterar den från röntgentekniker. Mer specifikt har studierna 

visat att benvävnad huvudsakligen består av mineralplattor i ett proteinnätverk på 

nanonivå, och att mineralplattorna blir tjockare och mer välorganiserade ju äldre 

benet blir. De visar också att neutrontomografi är en lovande teknik för att titta 

både på benvävnad nära metallimplantat och på mjuk skelettvävnad. Dock 

behövs fler studier kring balans av vätskehalten så att benets egenskaper 

bibehålls samtidigt som neutronbilderna har god kontrast.  
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Abstract 

Bones have unique mechanical properties that originate from their main 

constituents: mineral, in the form of hydroxyapatite (HAp) crystals, and collagen 

type-I. The stiffness of the HAp mineral combined with the flexibility of 

collagen, and their intricate hierarchical arrangement from the smallest individual 

building blocks to the organ level, result in a composite tissue with a remarkable 

ability to withstand complex loading scenarios. The mechanisms behind this 

fracture resistance are not fully understood, and further insights are necessary to 

better comprehend the complex interplay between the constituents of bone and 

their multiscale structural organisation. With such knowledge, improved 

treatments for injuries and diseases could be developed.  

X-ray based techniques have long been state-of-the-art when studying bone 

tissue. This is due to the strong interaction between x-rays and the heavier 

elements in the mineral compared to lighter elements in the surrounding tissue. 

However, this strong interaction overshadows the information from the collagen 

phase. Neutrons interact differently with matter than x-rays and exhibit an 

especially strong interaction with hydrogen. As hydrogen is abundant in the 

organic phase in bone, neutron techniques lend themselves as alternatives or 

complements to their x-ray counterparts for focusing on the collagen rather than 

the mineral phase.     

The work presented in this thesis explores the potential of neutron scattering 

techniques in bone research and elucidates the complementary nature of neutron 

and x-ray scattering techniques toward the structural characterisation of bone 

tissue, both on the nano- and microscale. Central to the work are dual modality, 

i.e., neutron and x-ray, small-angle scattering (SAS) and tomography 

measurements on the same specimens, allowing comparisons between the two 

probes.  

The first two studies in this thesis employed SAS to study the mineralisation 

process of newly formed bone, and to elucidate the possibility of gaining 

additional information about bone nanostructure by using neutrons. Small-angle 

x-ray scattering (SAXS) data from cortical bone taken from rabbits at different 

stages of maturation (from newborn to 6 months of age) showed an increase in 

thickness and orientational homogeneity of the mineral particles as the tissue 

matured. Comparison of the SAXS results with mechanical data from the same 

cohort of specimens suggested that changes in mechanical properties are 

explained by the amount of mineral in the tissue as well as by the dimensions of 
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the mineral particles. Small-angle neutron scattering (SANS) and SAXS were 

then used to examine the nanostructure of cortical bone from larger animals of 

different species (cow, pig, and sheep). Comparison of the collected data 

showcased how neutrons and x-rays scatter in a very similar way when 

interacting with the bone nanostructure, suggesting that bone can be considered 

as a two-component composite material at the investigated length scale.  

The final two studies presented in this thesis focused on the complementarity of 

neutron and x-ray tomography (NT and XRT) on the microscale, and on the 

influence of hydration on NT image quality and the mechanical properties of 

bone. In the first tomographic study, rat tibiae with metallic implants were 

imaged with both NT and XRT. Using a dual modality image registration 

algorithm, the image data were compared in terms of visualised structures and the 

quality of the visualisation. The differences in how neutrons and x-rays interact 

with skeletal tissues and metallic implants were highlighted. Furthermore, the 

benefits of using both modalities in combination, to benefit from their 

complementary strengths, was demonstrated. Possible improvement of the 

visualisation of internal structures using NT, by regulating the hydration type 

(H2O or D2O) and quantity in the specimens, was then addressed. Rat tibiae and 

trabecular bovine bone plugs were imaged at different states of hydration 

(hydrated, dry, and rehydrated in D2O after drying) to investigate the effects on 

the visualisation of structures in the NT images. The imaging was combined with 

mechanical testing of the bone plugs to assess the changes in mechanical 

properties associated with drying. The trabecular bone plugs showed that drying 

reduced contrast between bone and soft tissues. However, no negative effects on 

the mechanical properties for the chosen duration of drying were found. Imaging 

of the rat tibiae indicated that the contrast between bone and air was high in the 

dried state but decreased with increasing rehydration. When free D2O was present 

in the medullary canal, trabecular structures could not be resolved.   

In summary, the work presented in this thesis has demonstrated bone tissue to be 

a two-component composite material at the nanoscale, with the inorganic mineral 

phase affecting the tissue’s mechanical properties through both the quantity and 

size of the mineral particles. Furthermore, the potential of NT for gaining novel 

insights about bone on the tissue scale is demonstrated, which paves the way for 

future neutron applications within the field of musculoskeletal tissue 

biomechanics. Due to the hydrogen sensitivity, NT can be used to identify the 

distribution and amount of soft skeletal tissues within a specimen, which could 

yield greater information about how soft skeletal tissues change, e.g., with age or 

due to different medical treatments. However, further investigation regarding the 

state of hydration is needed to optimise the visualisation of structures in the NT 

images. 
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            2D Two-dimensional 

            3D Three-dimensional 

 AUC/TA Area under curve / 

Total area 

    BV/TV  Bone volume / Total 

volume (bone volume 

fraction) 

        CNR Contrast-to-noise 

ratio 

         Ctrl Control 

         D2O  Deuterium dioxide 

(heavy water) 

      DECT Dual energy 

computed 

tomography 

        DVC Digital volume 

correlation 

            eV electron volt 

        FOV Field of view 

   FWHM Full width at half 

maximum 

       FTIR Fourier transform 

infrared spectroscopy 

        HAp Hydroxyapatite  

         H2O Hydrogen dioxide 

(normal water) 

    LINAC Linear accelerator 

           kV Kilovolt (103 volt) 

           µA Microampere (10-6 

ampere) 

           µm Micrometre (10-6 m) 

           ND Neutron diffraction 

           nm Nanometre (10-9 m) 

           NT  Neutron tomography 

         ROI  Region of interest  

      SANS  Small-angle neutron 

scattering 

         SAS Small-angle 

scattering 

      SAXS  Small-angle x-ray 

scattering 

        SDD Sample to detector 

distance 

         SLD  Scattering length 

density 

        SNR Signal-to-noise ratio 

       TMD Tissue mineral 

density 

        TOF Time-of-flight 

        Trtd Treated 

        XRF X-ray fluorescence 

        XRT  X-ray tomography  

             Å Ångström (10-10 m) 
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1.  Introduction 

Bone is a complex tissue composed primarily of an inorganic mineral phase, an 

organic collagen type-I phase, and water [1,2]. The organic phase is organised as a 

matrix in which the mineral particles are interwoven. The stiffness of the mineral 

in combination with the flexibility of the collagen, and their intricate hierarchical 

arrangement from individual building blocks up to the organ level, result in a 

composite tissue with unique mechanical properties optimised toward fracture 

resistance [2–4]. However, the mechanisms behind this fracture resistance are yet 

to be fully identified. Changes in the composition and structure of bone occur 

during maturation and growth [5–9], and also as a result of degenerative disorders 

such as osteoporosis [10]. How these changes relate to the mechanical properties 

of bone is still under investigation. To fully elucidate the contribution from each 

constituent and their complex hierarchical organisation, all length scales need to 

be investigated as they all contribute to the macroscopic mechanical behaviour of 

bone tissue [11].  

The presence of the mineral phase in bone and the associated strong interaction 

between x-rays and the heavier elements in the mineral, compared to the lighter 

elements in the collagen matrix, have led to the emergence of x-ray techniques as 

a key tool for the study of bone tissue. The difference in x-ray interaction 

between the mineral and collagen phases is a direct consequence of how x-rays 

interact with the electron cloud of atoms, and so the greater number of electrons 

in the mineral leads to a stronger interaction. At the nanoscale, this means that the 

mineral can be distinguished within the collagen matrix by means of diffraction 

and SAS, allowing the size, shape, and distribution of the mineral particles to be 

explored. This information can be used to better understand, e.g., the 

mineralisation process during maturation and growth of bone tissue, how 

different loading scenarios affect the distribution and amount of mineral, and 

changes that occur during ageing and disease. In turn, the effects of these changes 

on the mechanical stability of the tissue can be identified by combining the 

structural characterisation with mechanical testing. However, the strong 

interaction between x-rays and mineral results in difficulties in studying the 

collagen phase, as its scattering signal is partially overshadowed by that of the 

mineral. At the macro- and microscale, this higher interaction with the mineral 

results in good x-ray contrast between bone and surrounding non-mineralised 

tissues, which is exploited, e.g., in x-ray radiography and tomography to diagnose 

orthopaedic conditions. However, when metallic objects such as implants are 
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present, the large difference in attenuation between metal and bone can result in 

image artefacts that make analysis of peri-implant bone challenging.  

As opposed to x-rays, neutrons interact with the atomic nuclei, as their lack of 

electrical charge allows them to pass through the electron cloud. This interaction 

does not follow as simple of a pattern as x-rays, where an increase in the number 

of electrons equates to a stronger interaction. Instead, the interaction between 

neutrons and atoms follows a seemingly disorganised pattern. One of the largest 

neutron interactions (neutron cross section) is with hydrogen, making neutrons an 

ideal probe for detecting variations in hydrogen concentration. As hydrogen is a 

dominant component in biological tissue, neutron scattering techniques can be 

used to study both structure and composition in biological samples. 

Applications of neutron techniques for structural characterisation in bone 

research are still limited. At the time of writing this thesis, a Scopus search for 

journal and review articles where the title, abstract, or key words contain the 

words “bone tissue structure” and “x-rays” or “bone tissue structure” and “ct” 

yielded 8,693 results whilst a search for “bone tissue structure” and “neutrons” 

yielded 41 results. It should be noted that these search terms were not exact 

enough to exclude some studies of, e.g., soft tissues, and most likely missed some 

publications. Nevertheless, there is a staggering difference in the number of 

publications employing neutron techniques compared to x-ray techniques in bone 

research. Most previous neutron studies have employed diffraction to study bone 

at the nanoscale. These studies aimed at, e.g., gaining insight into the HAp 

mineral plates in terms of size [12–14], and orientation close to implants [15–17], as 

well as to study the collagen matrix in terms of molecular spacing in bone [18–20] 

and in mineralised and non-mineralised tendon tissue [21,22]. In the aforementioned 

studies, neutrons were chosen over x-rays due principally to their penetrating 

power, a factor that allows for larger specimens to be used, and because of the 

reduced influence of the mineral on the acquired data. SAS probes slightly larger 

lengths scales than diffraction. SAXS has been used extensively (> 300 articles) 

to gain insight into the mineral phase in bone. Searching Scopus for articles 

where SANS was used for bone tissue characterisation yields only two results 

(the author is aware of one additional SANS study that did not appear in the 

search), one of which is the second study presented in this thesis. For structural 

characterisation at the microscale, XRT is state-of-the-art. To the best of the 

author’s knowledge, apart from emerging applications in palaeontology, the only 

studies (4) employing NT in bone research come from the research group the 

author belongs to, one of the publications being the third study presented in this 

thesis [23–26].  

In summary, the discussed literature searches indicate a limited appreciation for 

the potential application of neutron scattering techniques toward the structural 

characterisation of bone tissue. As neutrons have been found to be 

complementary to x-rays in many other fields of research, their potential to 

provide information also in bone research needs to be explored.  
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2. Aim and design of the study 

The overall aim of this thesis work was to investigate the possibilities of using 

neutron scattering techniques as a complement or alternative to x-rays for 

studying bone tissue structure over different length scales. Neutrons and x-rays 

interact differently with materials, resulting in different contrasts for the two 

probes. As bone tissue contains an inorganic mineral phase, for which the 

interaction is large with x-rays, and an organic collagen phase, where the 

abundance of hydrogen results in a large interaction with neutrons, we 

hypothesised that the two probes could yield complementary information about 

bone structure. A comparison of neutron and x-ray techniques has been made 

considering SAS, for nanostructural characterisation, and tomography, for 

microstructural characterisation. Consequently, situations and conditions where 

neutrons could be preferable to x-rays were identified by comparing pros and 

cons of the respective techniques. 

The aims of the individual studies were: 

I. To gain insights into nanostructural changes in the mineral phase as 

bone matures and grows and relate these changes to alterations both in 

the collagen matrix and in the mechanical properties of the tissue.  

II. To elucidate complementarity of neutrons and x-rays for obtaining 

nanostructural information about the mineral and collagen components 

in bone.   

III. To explore complementarity of neutron and x-ray tomography for 

obtaining microstructural information about hard and soft skeletal 

tissues. 

IV. To identify how neutron tomographic images of bone are affected by the 

hydration state of the specimens and investigate how the mechanical 

properties can be maintained whilst simultaneously being able to 

visualise internal structures for microstructural characterisation. 
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2.1 Design of the study 

Figure 2.1 illustrates the specific aims of the individual studies within the design 

of the thesis project. 

 

 
Figure 2.1. Overview of the design of the studies. The roman numerals (I-IV) refer to the 

aims and appended studies. The species used for obtaining the specimens are indicated 

for each study. 
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3. Background 

3.1 Bone  

Bone is a complex hierarchically structured tissue. It is primarily composed of an 

inorganic HAp mineral phase, an organic collagen type-I based matrix, water, 

and non-collagenous proteins [1,2,8,11,27–33]. The stiffness of the mineral in 

combination with the flexibility of the collagen, plus their intricate hierarchical 

arrangement from individual building blocks to organ level (Figure 3.1), result in 

a composite tissue with unique mechanical properties [2–4,34].  

At the nanoscale, the mineral phase is found as elongated, slightly curved plate-

shaped crystals interwoven in a collagen matrix, creating mineralised collagen 

fibrils [1,11,29,30,32,35]. Collagen is a triple helical molecule with diameter and length 

of 15 Å and 3000 Å, respectively. The molecules congregate into fibrils with an 

approximate diameter of 1000 Å and intrafibrillar spacing of ~100 Å. The 

collagen molecules in the fibrils are staggered axially such that zones of overlap 

and gaps form with a specific periodicity, referred to as D-spacing, of 

approximately 670 Å. The mineral plates nucleate both within the periodic gap 

zones and on the surface of the fibrils. They have a crystal c-axis aligned 

primarily with the main axis of the collagen fibril [7,8,28,36]. The mineral starts out 

as thin platelets that gradually increase in thickness. During maturation and 

growth, mineral amount, crystal size, and structural order increase [5–9].  In mature 

bone, the mineral plates have approximate lengths and widths of a few hundred 

Å, and thickness of 30 Å [31,37–41]. Furthermore, the amount and degree of order of 

the collagen matrix have been found to increase as the tissue matures [4–6,42]. 

Water is present in different compartments: in pores and canals (on the 

micrometre scale), loosely bound to the surfaces of collagen fibrils, between the 

collagen and mineral phases, and more tightly bound to the collagen molecule 

and inside the mineral crystal structure [43,44].  

At the microscale, the mineralised collagen fibrils congregate into fibres. The 

organisation of these fibres differs with anatomical location and age of the tissue 
[1,11]. In woven bone, which is deposited during development and fracture repair, 

the fibrils have little or no preferred orientation. Woven bone is replaced by 

lamellar bone, where the fibrils are organised in 3-7 µm thick lamellae. Lamellar 

bone is the most prevalent organisational type found in mammalian bone. It 

makes up the two main tissue types found in all skeletal bones, namely cortical 

and trabecular bone. Cortical bone is found as an outer shell enclosing the 
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trabecular bone. The thickness of the cortical bone varies between tenths of a 

millimetre to several centimetres depending on species and anatomical site [11]. 

Cortical bone has a porosity of ~6%, mainly due to blood vessels and nerve fibres 

permeating the bone tissue. During cortical bone formation, circular structures 

form around these blood vessels and nerve fibres. These structures are known as 

primary osteons and are made up of concentric lamellae. As the deposition of 

osteon lamellae start from the periphery and continue inwards, mineralisation as a 

function of tissue age can be studied through the radial profiles of osteons. 

Osteons are typically aligned parallel with the main axis of the bone. Trabecular 

bone has a porosity of ~80% and is made up of a sponge-like 3D structure 

comprised of bone trabeculae. Each individual trabeculae has a thickness of a few 

hundred micrometres. In some bones, e.g., vertebrae, trabecular bone fills the 

entire inner volume whilst other bones, such as the epiphysis in long bones, are 

filled only in parts. The porosities in trabecular bone is filled with bone marrow.  

Bone tissue is continuously remodelled to take care of microdamage and to 

optimise the structure according to the experienced mechanical loading 

environment. The remodelling includes resorption of old bone and formation of 

new bone. The balance between these is governed by the mechanical loads the 

tissue is exposed to [45]. Consequently, denser bone is found in regions exposed to 

high loads. Additionally, directional loading results in anisotropic bone structure. 

During cortical bone remodelling, primary osteons are substituted for secondary 

osteons [1,46]. The secondary osteons are approximately 100-200 µm in diameter 

and the enclosed canal, known as the Haversian canal, have a diameter of about 

30-40 µm.  

 

Figure 3.1. Hierarchical structure of bone. At the organ scale, a skeletal long bone 

consists of a cortical bone cortex enclosing trabecular bone found in the epiphysis. 

During formation and remodelling, osteonal structures are formed in the cortical bone. 

These microstructures are made up of mineralised collagen fibres. At the nanoscale, the 

collagen fibres are found to consist of collagen molecules congregated into fibrils in a 

staggered manner. Plate shaped HAp crystals exist between the fibrils and inside the gap 

zones in the staggered arrangement of the collagen molecules. 
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3.2 Neutron and x-ray techniques for structural 

characterisation  

Structural characterisation of bone tissue is important for understanding how the 

constituents and their organisation affect the mechanical properties of bone and 

how this relates to the material’s fracture resistance. As bone is a hierarchically 

organised material, all length scales need to be investigated to understand the 

complex interplay both between the constituents and between their different 

arrangements. X-ray techniques are state-of-the-art in bone research, benefitting 

from the strong interaction between x-rays and the mineral phase in bone. SAXS 

is often used to look at the arrangement of collagen and mineral at the nanoscale. 

However, the strong scattering signal from the mineral overshadows the signal 

from the collagen, making collagen characterisation challenging. XRT is a 

common tool to assess structures on the nano-/micro-/macroscale in 3D. As for 

scattering, the strong interaction between x-rays and bone mineral gives good 

contrast between bone and other tissues. However, soft tissues are not well 

captured with x-ray imaging. Additionally, image artefacts in the vicinity of 

metallic implants can create difficulties in visualising the peri-implant bone using 

XRT. Due to differences in how x-rays and neutrons interact with matter, the 

corresponding neutron techniques – SANS and NT – offer the potential for 

complementary information to their x-ray counterparts.  

Interaction with matter 

As neutrons lack electrical charge, they penetrate through the electron shell of 

atoms and interact with the nucleus [47]. In contrast, the electromagnetic quality of 

x-rays causes them to interact with the negatively charged electrons. As such, the 

interaction probability (cross section, 𝜎) between x-rays and matter follows a 

linear relationship with regard to atomic mass, whilst no such relationship exists 

for neutrons. The cross sections for both neutrons and x-rays include the effects 

of both absorption and scattering, 𝜎𝑡𝑜𝑡 = 𝜎𝑎𝑏 + 𝜎𝑠𝑐. Furthermore, 𝜎 depends on 

both atomic number, 𝑍, and on the energy of the radiation. Probing biological 

systems requires cold or thermal/epithermal neutrons (0.025 eV – 10 keV) [47–49]. 

In this energy range, absorption and elastic scattering are the prevalent modes of 

interaction with matter, whilst inelastic scattering becomes prominent at higher 

energies. For x-rays, the typical energy range used in bone research is 12-140 

keV [50,51]. The types of interactions here are elastic scattering, photoelectric 

attenuation, and inelastic Compton scattering [51–53]. Photoelectric attenuation is 

prominent at lower energies (< 50 keV) and its probability scales with atomic 

number as ∝ 𝑍3. Compton scattering dominates at higher energies (> 90 keV) 

and depends on the electron density of the material. As biological tissues have 

similar electron densities, Compton scattering provides little contrast information. 

Conversely, due to the cubic proportionality between the probability of 
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photoelectric absorption and atomic number, even small differences between 

tissues yield contrast at lower x-ray energies. 

Neutrons and x-rays are highly complementary probes, as the differences in 

material-specific cross section provides differing contrasts between material 

phases (Figure 3.2). In addition, the neutron interaction with the atomic nucleus 

means that they are sensitive to atomic mass number and so have different cross 

sections for different isotopes, allowing these to be distinguished from one 

another. One of the largest differences in neutron isotopes cross section is that 

between hydrogen, H or 1H, and its stable isotope deuterium, D or 2H (Figure 

3.2). As hydrogen is naturally abundant in organic compounds, contrast between 

different compounds can be low. In neutron scattering studies of organic 

compounds such as proteins, the difference in interaction probability between 

hydrogen and deuterium is often used for contrast matching or contrast variation 
[48,54–56]. This refers to matching the interaction strength, or scattering length 

density (SLD), between different parts of the compound to the solvent in which it 

is dissolved, such that the other parts of the compound become more visible. This 

SLD variation is achieved by varying the ratio of H:D in the solvent, sometimes 

in combination with selective deuteration, i.e., exchanging hydrogen for 

deuterium, in parts of the compound. Tomography studies can exploit this 

difference in contrast between hydrogen and deuterium, e.g., as a means to track 

water propagation through porous media or plant roots [57,58]. Due to the strong 

interaction between hydrogen and neutrons, water flow through dry materials is 

well captured with NT also without any exchange for deuterium [59–62]. 

 

Figure 3.2. Relative interaction strength, indicated by the diameter of the circles, for 

neutrons and x-rays for a selection of elements. 

Neutron and x-ray sources 

Neutrons are generated either by nuclear fission or by spallation [47]. In a research 

reactor, thermal neutrons are allowed to hit a heavy element nucleus, typically 
235U, causing a fission event. At a spallation source, protons are accelerated 

towards a heavy metal target, e.g., lead, causing neutrons to be emitted when the 

protons hit the target nuclei. Most spallation sources are pulsed, which enables 

time-of-flight (TOF) measurements with a long flight path allowing for 
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separation of wavelengths. This means that, e.g., monochromatic measurements 

can be made without the use of monochromators. Both methods of generating 

neutrons require large-scale facilities. In contrast, x-ray sources for research 

purposes exist both as large-scale facilities, i.e., synchrotrons and linear 

accelerators (LINACs), and as lab sources. In the latter, the x-rays are generated 

by accelerating electrons towards a metal target that emits photons when the 

electrons interact with the heavy-element metal. At synchrotrons, which are the 

most common large-scale x-ray facility type, x-rays are generated by accelerating 

electrons that are then circulated in a storage ring. Bending magnets, wigglers or 

undulators are used to change their direction, whereupon energy is released in the 

form of photons, in accordance with Maxwell’s equations [63]. A selection of 

neutron and x-ray large-scale facilities is found in Table 3.1. 

Apart from the obvious differences in generating neutrons and x-rays, a main 

difference between the two probes is the time it takes to do measurements. This 

discrepancy stems from large differences in flux. The flux of a source represents 

the integrated intensity of the beam. It is defined as the number of neutrons or x-

rays within a 0.1% wavelength range, ∆λ, centred around a specific wavelength, 

λ, emitted per unit time [64]. Further to this, flux density is often used to account 

for the size of the irradiated surface and has units [particles/sec/cm2]. 

Additionally, divergence of the beam is measured by brilliance and has units 

[particles/sec/cm2/mrad2]. Whilst neutron sources are generally compared by their 

flux or flux density, x-ray sources are typically described in terms of their 

brilliance. Collimation is used to reduce beam divergence, at the cost of loss in 

flux. As can be seen in Table 3.1, neutron sources generally have fluxes that are 

orders of magnitude lower than x-ray sources. This large difference in flux 

translates to experimental times being orders of magnitude longer for neutron 

techniques compared to their x-ray equivalents. Furthermore, for both neutron 

and x-ray sources, the emitted radiation is polychromatic. Due to the higher flux 

of a synchrotron x-ray beam compared to that of a neutron source, selecting a 

narrow bandwidth for the wavelengths, i.e., creating a monochromatic beam, is 

less critical in terms of lost flux. Having a narrow wavelength distribution is 

desirable in terms of resolving differences between materials, as contrast is 

reduced with a wider energy distribution compared to a narrower one. Ultimately, 

to reach the same spatial resolution with neutrons as with x-rays, significantly 

longer measurement times are necessary. To improve the usability of neutrons, 

the European Spallation Source (ESS) is currently (at the time of the writing of 

this thesis) being built outside of Lund, Sweden. It is expected to yield a flux one 

order of magnitude higher than any other neutron source in the world (Table 3.1), 

which will open up new possibilities for studies using neutron techniques.  
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Table 3.1. A selection of neutron and x-ray sources with location, type of source and 

particle (n – neutron, ph – photon) output (flux [*/sec], flux density [*/sec/area], 

brilliance [*/sec/area/mrad2]) specified. For ESS, the output flux is tentative as the source 

is still in its construction stage. References are given in the table for each specific facility. 

 Facility Country Type Output 

N
eu

tr
o
n
 s

o
u
rc

es
 

ESS [65] Sweden Spallation 1×1018 n/sec/cm2 (expected) 

SNS [66] USA Spallation 1×1017 n/sec 

J-PARC [66] Japan Spallation 1×1017 n/sec 

CSNS [66] China Spallation 1×1016 n/sec 

ISIS [67] UK Spallation 4.5×1015 n/sec/cm2 (peak) 

HFIR [68] USA Reactor 2.6×1015 n/sec/cm2 

ILL [67] France Reactor 1.5×1015 n/sec/cm2 

FRM II [67] Germany Reactor 8×1014 n/sec/cm2 

SINQ [66] Switzerland Spallation 4.1×1014 n/sec/cm2 

X
-r

ay
 s

o
u

rc
es

 

MAX IV [69] Sweden Synchrotron 2.2×1021 ph/sec/mm2/mrad2 

PETRA III [69] Germany Synchrotron 2×1021 ph/sec/mm2/mrad2 

SPring-8 [69] Japan Synchrotron 2×1021 ph/sec/mm2/mrad2 

ESRF [69] France Synchrotron 8×1020 ph/sec/mm2/mrad2 

Diamond [69] UK Synchrotron 3×1020 ph/sec/mm2/mrad2 

SLS [69] Switzerland Synchrotron 4×1019 ph/sec/mm2/mrad2 

Elettra [69] Italy Synchrotron 1×1019 ph/sec/mm2/mrad2 

BESSY II [69] Germany Synchrotron 5×1018 ph/sec/mm2/mrad2 

ALS [69] USA Synchrotron 3×1018 ph/sec/mm2/mrad2 
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Small-angle scattering  

Theory 

One mode of interaction between neutrons or x-rays and materials is through 

scattering. Repetitive structures inside a specimen will cause the incident beam to 

scatter. The scattering can be either elastic or inelastic. The former causes a 

change in direction between the incident and scattered particle, and the latter 

causes a change in both direction and energy [70]. The change in energy is related 

to the dynamics of the material, whilst the change in direction is related to 

momentum transfer, 𝑞, and gives information about the material structure. 

Furthermore, a scattering event can be either coherent, i.e., give rise to 

constructive interference, or incoherent. The cross section, i.e., scattering 

probability, for these events differ with elements and, for neutrons, isotopes. 

Hence, the total scattering cross section (𝜎𝑠𝑐) for a material is the sum of the 

coherent and incoherent cross sections, 𝜎𝑠𝑐 = 𝜎𝑐𝑜ℎ + 𝜎𝑖𝑛𝑐𝑜ℎ. Only the coherent 

component of the scattered radiation contains structural information, as it reports 

on the relative positions of the scattering particles. Conversely, the incoherent 

scattering gives the position of only one particle in relation to all others. The 

incoherent scattering is isotropic and results in a static background signal in the 

collected scattering data. 

SAS arises from colloidal structures, typically 0.5-500 nm in size, and yields 

structural information in terms of size distribution and orientational alignment 
[51]. Analysis of the scattering data is, by convention, done in reciprocal space by 

defining the scattering vector, 𝑞 = |�⃗�|, as the difference between the wave 

vectors of the incident (�⃗⃗⃗�𝑖) and scattered (�⃗⃗⃗�𝑠) beams (Figure 3.3a). For elastic 

scattering, i.e., |�⃗⃗�𝑠| = |�⃗⃗�𝑖| =
2𝜋

𝜆
, where 𝜆 is the wavelength of the incident beam, 

the relationship between 𝑞, the angle 𝜑 between the incident and scattered beam, 

and the size 𝑑 of the scattering structure is  

𝑞 =  
4𝜋

𝜆
sin (

𝜑

2
) =  

2𝜋

𝑑
 3.1 

The probed length scale range is determined by the incident wavelength, 𝜆, as per 

Equation 3.1, and the sample-to-detector distance (SDD) (Figure 3.3b). 

Typically, a wavelength of ~1 Å is used in SAXS experiments whilst SANS uses 

~4-6 Å [54]. Hence, SANS is acquired at slightly larger angles than SAXS. As 𝑞 is 

wavelength dependent, a polychromatic beam results in a distribution of 𝑞, i.e., 

smearing of the features in the scattering pattern. The 2D scattering data can, e.g., 

be analysed as a function of the 𝑞 vector, 𝐼(𝑞), yielding structural information 

such as particle size and distribution, and as a function of azimuthal angle, 𝐼(𝜃), 

yielding information about the alignment of the scattering structures. Reduction 

of the 2D data to 1D is done by binning all detector pixels with the same radial 

distance, 𝑞, to the beam centre for 𝐼(𝑞), or with the same azimuthal angle, 𝜃, for 

𝐼(𝜃). The 𝐼(𝑞) data yield different structural information in different domains. At 
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high 𝑞 (i.e., small length scales), denoted the Porod region, there is contrast only 

at the interface between the scattering structures and hence the obtainable 

information relates to the structures’ surfaces. In the intermediary region, denoted 

the Guinier region, the length scales probed relate to the elementary units in the 

system. From this domain, the so-called form factor, 𝑃(𝑞), yields information 

about the size, shape, and internal structure of one elementary unit. At low 𝑞, 

larger length scales are investigated, and information about the structures and 

interactions of the full system can be obtained through the so-called structure 

factor, 𝑆(𝑞). 

The contrast between structures comes from differences in scattering length (𝑏) 

which relates to cross section, as per 𝜎 = 4𝜋𝑏2. For SANS, 𝑏 differs between 

elements and isotopes, whilst it for SAXS is directly related to electron density. 

Hence, the techniques are often complementary and can provide different 

information. As mentioned earlier, SANS allows for using contrast variation and 

matching to identify different components of a compound by masking out others. 

This is done by matching the SLD, 𝜌, of the solvent to that of different parts of 

the compound by varying the H:D ratio. SLD takes the volume of the scattering 

particles into account as per 𝜌 = ∑ 𝑏𝑖
𝑛
𝑖 �̅�⁄ , where 𝑏𝑖 is the scattering length of 

atom 𝑖, and �̅� is the volume containing the 𝑛 scattering atoms. Contrast variation 

works because the coherent scattering length for deuterium is large and positive 

whilst for hydrogen it is small and negative. Additionally, the incoherent 

contribution from hydrogen is large whilst it is negligible for deuterium.  

SAS for bone research 

The first study exploring SAXS as a technique for examining bone was published 

by Engström and Finean in 1953 [71]. Since then, SAXS has been used extensively 

to obtain information about the nanostructure of bone. Owing to the recent 

development towards small beam spot sizes (3-4 µm2) and short measurement 

times (~100 ms), large areas of a specimen can today be mapped by means of 

scanning SAXS [72].  

The main scattering structure is that of the HAp mineral, with only a small 

contribution coming from the collagen. This collagen signal is often 

overshadowed by the much stronger signal from the mineral phase. Albeit weak, 

the collagen signal can be seen as concentric rings as the periodicity of the axially 

staggered arrangement of the collagen molecules give rise to diffraction peaks. 

The position of these peaks yields information about the intramolecular D-

spacing (~670 Å). In the 𝑞-range typically probed for bone tissue measurements 

(5×10-3-5×10-1 Å-1), the only observable dimension of the mineral plates is the 

thickness. The mineral plates are mainly oriented parallel with the collagen fibres 

and the degree of polydispersity of plate thickness is large [11,31,73]. Hence, the 

mineral gives rise to a diffuse anisotropic scattering pattern with dominating 

scattering perpendicular to the fibre orientation (Figure 3.3c). From this 

scattering, the thickness and organisation of the mineral plates can be acquired. 
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Thickness can be obtained by fitting of the radially integrated 𝐼(𝑞) data [7,38] 

(Figure 3.3c, d), whilst alignment can be obtained from the azimuthally 

integrated 𝐼(𝜃) data [38,74] (Figure 3.3c, e).  

The structural information obtainable by SAXS has been utilised, e.g., to better 

understand the mineralisation process during maturation and growth, differences 

between healthy and diseased bone, changes during healing, and alterations due 

to aging. It has been found that maturation and growth result in an increase in 

thickness and in the mineral becoming more aligned with the main axis of the 

bone [7,37]. In healthy mature bone, the mineral plates have been observed to be 

~30 Å thick and aligned with the collagen fibres [31,37–39,75]. Conversely, the 

mineral plates in newly formed bone after a fracture are thinner and have a lower 

degree of orientation [74]. Similar observations have been made when looking at 

the interface between bone and metallic implants, i.e., newly formed peri-implant 

bone presents with thinner mineral plates than older bone [72,76]. Moreover, SAXS 

has been used to study the effects of some drug treatments [38,77] and disease such 

as osteoporosis, where a thickening of the mineral plates has been observed [37,78]. 

Furthermore, SAXS has been combined with other techniques such as Fourier 

transform infra-red spectroscopy (FTIR), Raman spectroscopy, or x-ray 

fluorescence (XRF). The results yield complementing information about type, 

amount, and organisation of the chemical constituents in both the mineral and the 

organic collagen matrix [5,39]. The contribution from the collagen structure on the 

SAXS signal has also been examined, e.g., in terms of changes during aging. 

There it was found that increased cross-linking with age causes stiffening of the 

collagen fibrils and result in a stronger scattering due to increased order [75].  

The neutron equivalent to SAXS, i.e., SANS, has had only limited usage in bone 

research. Apart from the second study presented in this thesis, the author is only 

aware of two other studies employing SANS for bone structure characterisation 
[79,80]. However, neutron diffraction (ND) has been used to study, e.g., the mineral 

plates in terms of size [12–14], and orientation close to implants [15–17], as well as to 

examine the collagen matrix in terms of molecular spacing in bone [18–20], and in 

mineralised and non-mineralized tendon tissue [21,22]. In these studies, neutrons 

were chosen over x-rays mainly due to their penetrating power that allow for 

larger specimens to be used, but also because of the reduced influence of the 

mineral on the collected data. Aside from the difference in probed length scales 

compared to SANS, these ND studies indicate that SANS could have potential as 

a technique for structural characterisation in bone research.  
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Figure 3.3. Principle of SAS. a) An incoming beam (purple), with wave vector �⃗⃗�𝑖, 

interferes with repeating structures in a material. The scattered beam (orange), with wave 

vector �⃗⃗�𝑠, scatters to an angle of 𝜑. The difference between the incident and scattered 

beams defines the scattering vector �⃗� = �⃗⃗�𝑠 − �⃗⃗�𝑖. b) Schematic presentation of a scattering 

experiment setup, showing the 2D scattering map registered by the detector bank. 

Repeating structures in the sample scatter to a position on the detector at the distance p 

from the centre of the incident beam. c) Characteristic SAXS pattern from cortical bone 

with a diffuse component from the mineral and sharp rings from the collagen. d) 𝐼(𝑞) 

curve obtained by radial integration of the scattering pattern in (c). e) 𝐼(𝜃) curve obtained 

by azimuthal integration of the scattering pattern in (c).  
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Tomographic imaging 

Theory 

Computed tomography is a non-destructive 3D imaging technique used to 

visualise internal structures in an object. By acquiring multiple 2D images from 

multiple angles around an object, a 3D image volume of the object can be 

computed using reconstruction algorithms [81]. Most commonly, the information 

gathered is the attenuation of the incident radiation. As the interaction probability 

for neutrons or x-rays differs between elements and the amount of material, 

different intensities in the images relate to different material composition and 

density. The attenuation of monochromatic neutrons and x-rays as they pass 

through a material is caused by a combination of absorption and scattering. This 

can generally be described by the Beer-Lambert law [50,82] (Equation 3.2). 

𝐼 =  𝐼0𝑒− ∑ 𝜇𝑖𝑑𝑖  3.2 

Here 𝐼 is the intensity of the transmitted beam, 𝐼0 is the intensity of the incident 

beam, 𝜇𝑖 is the linear attenuation coefficient for material 𝑖, and 𝑑𝑖 is the path 

length in the material 𝑖. As 𝜇 is wavelength dependent, the attenuation of a 

polychromatic beam needs a generalisation of Equation 3.2 into Equation 3.3. 

𝐼 =  ∫ 𝐼0(𝜆)𝑒− ∑ 𝜇𝑖(𝜆)𝑑𝑖
𝑛
𝑖=1 𝑑𝜆

𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛

 3.3 

The interaction between neutrons and matter is weaker than that of x-rays. This 

means that neutrons have greater penetration power than x-rays, and thicker 

objects can be imaged with NT than with XRT. However, the lower interaction 

also means that measurement times are longer.  

The spatial resolution obtainable for NT is lower than for XRT in part due to 

lower brilliance of the neutron beam. Whilst XRT can reach sub-micrometre 

resolution [83], NT is thus far limited to the micrometre range [84,85]. Depending on 

the type of radiation source, magnification is achieved in different ways. For a 

lab x-ray source, radiation is emitted in a cone that projects a magnified image 

onto the detector [86]. This geometrical magnification, 𝑀, can be expressed as 

𝑀 =  𝐿/(𝐿 − 𝑙), where 𝐿 is the distance between the collimator and the imaged 

object, an 𝑙 is the distance between the object and the detector [87]. Optical 

magnification using lenses are necessary for parallel beam geometries, i.e., beams 

generated at large-scale neutron facilities and synchrotrons. However, perfectly 

parallel beams are difficult to produce. Hence, there is beam divergence also at 

large-scale facilities, especially for neutrons. This beam divergence can cause 

blurriness in the images. The image blur, 𝑑, can be expressed in terms of 𝐿 and 𝑙, 
as 𝑑 =  𝑙/(𝐿/𝐷), where 𝐷 is the collimator diaphragm dimension and 𝐿/𝐷 is the 

collimation ratio [47,82]. From this, it is clear that the imaged object should be 

placed as close to the detector as possible to optimise image sharpness. Also, as 𝐿 

is most often fixed, reduced image blur can be obtained by reducing the 
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collimator diaphragm dimension, 𝐷, leading to a larger collimation ratio, i.e., a 

more parallel beam. However, such a reduction in beam size equates to a 

reduction in flux and, hence, longer exposure times are necessary for adequate 

signal-to-noise ratio (SNR). The high brilliance of synchrotron x-ray beams 

means than neither 𝑙 nor the reduction in flux with increased collimation has a 

large effect on imaging times. For neutrons, however, the reduction in flux results 

in increased measurement times. 

Image artefacts  

Image artefacts degrade image quality and make analysis more challenging. 

There are numerous types of artefacts [53,88,89]. One of the potentially most 

detrimental image artefacts in bone research are metal artefacts that occur in the 

vicinity of metallic implants when using XRT as the imaging modality. When 

imaged with x-rays, metallic objects can give rise to different types of artefacts, 

common ones being scattering, beam hardening, and streaking (Figure 3.4).  

As the attenuation of the incident beam is wavelength dependent (Equation 3.3), 

only higher energy x-rays in a polychromatic beam will pass through the full 

depth of an object consisting of high atomic number materials such as a metallic 

implant, whereas lower energy x-rays pass through thinner regions of the 

material. This results in a cupping effect, where the central parts of the object 

appear darker in the reconstructed images (i.e., lower reconstructed attenuation 

coefficient) than more peripheral parts, despite consisting of the same material 

(Figure 3.4a). This effect is known as beam hardening. By filtering out lower 

energies from the beam, the effect is reduced as fewer (low energy) x-rays are 

completely attenuated by the material. However, for low-attenuation materials, 

high-energy x-rays are unwanted as they reduce the contrast in the images by 

simply passing straight through the imaged object. Hence, if the difference in 

attenuation between different materials is large, the choice of energy range can 

become challenging. This is the case for metallic implants imaged with x-rays. 

For the energy ranges typically used in bone research (12-140 keV) the most 

prominent interactions between x-rays and tissue-like materials are photoelectric 

absorption and Compton scattering [50]. The latter causes a change in direction of 

the incident x-ray photon, so that the scattered photon does not hit the detector at 

a position straight behind its origin. Hence, it will yield an erroneous contribution 

to the detected signal in the detector pixel it hits whilst simultaneously detracting 

from the signal in the target pixel. This can result in shadows, streaks, or glow in 

reconstructed images (Figure 3.4b). For metals with high linear attenuation 

coefficient in the energy ranges used to image bone few photons penetrate 

through the implant, resulting in a low or non-existent detector signal. Due to 

how the tomographic images are reconstructed from the projections, the noise in 

the regions with low photon signal is enhanced, resulting in streaking artefacts, 

i.e., bright and dark bands close to the implant (Figure 3.4c).  Whilst beam 

hardening is more significant for XRT, it can also occur with NT. 
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Figure 3.4. Metal image artefacts. a) Sketch of cupping effect caused by beam hardening. 

b) Scattering and c) streaking caused by a steel implant (images borrowed with 

permission from [23]).  

Tomographic imaging in bone research  

XRT imaging was developed in the early 1970s and has since had an immense 

impact in bone research [90,91]. Due to the contrast between bone and soft tissue, 

XRT is state-of-the-art for visualising the structure of bone in 3D and has 

applications ranging from clinical diagnostics of whole bones on the macroscale 

to high resolution nanotomography in basic research [83,91,92]. As the number of 

applications are vast, only a small selection related to the topic of this thesis will 

be mentioned here.  

XRT offers a combination of contrast and high resolution that enables 

characterisation of, e.g., bone volume density, porosity, microstructural 

organisation, and trabecular architecture [53,93–97]. Such parameters are of interest 

when developing bone filling substitutes and scaffolds for bone regeneration [98], 

when evaluating the effects of different treatments on bone formation [99,100], and 

for characterising bone-implant integration [86,101,102]. Furthermore, because of the 

linear relationship between x-ray attenuation coefficient and atomic number, 

tissue mineral density (TMD) can be obtained by comparing the grey values 

(attenuation coefficient values) to those in images of phantoms with known 

mineral density [103]. Lab source XRT can provide images with micrometre 

resolution at relatively short imaging times [91]. Due to the high brilliance, 

synchrotron sources provide higher resolution (~1/10 µm), lower SNR, and 

shorter imaging times than lab sources [86,95]. The short imaging times make it 

more practical to study evolving phenomena such as deformation due to 

mechanical loading. For example, by acquiring multiple tomographies at 

different stages of in-situ loading, digital volume correlation (DVC) can be used 

to calculate internal strains to, e.g., help understand failure mechanisms [104,105].  

Applications of NT in bone research are so far highly limited. To the best of the 

author’s knowledge, apart from emerging applications in palaeontology, the only 

studies (currently 4) employing NT in bone research come from the research 

group the author belongs to, one being the third study presented in this thesis. In 

these studies, we compared structural parameters obtained from NT and XRT 

images of the same specimen [23], explored the potential of using NT to 
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investigate bone-implant integration mechanically using DVC [24], and compared 

NT to XRT [26] and to histology [25]. The results showed that NT offers advantages 

compared to XRT when studying the structure and mechanical properties of bone 

in the close vicinity of metal implants where image artefacts in the XRT data can 

make it difficult to, e.g., track crack movement during loading of the implant [101]. 

In addition, comparison to histology has highlighted the potential of NT for 

looking at soft skeletal tissues [25]. 

Since the attenuation of a material can vary for NT and XRT, so can the contrast 

between different materials. This makes the two modalities highly 

complementary. In archaeology, NT is used increasingly to differentiate between 

material phases with similar x-ray attenuation coefficients. Both metallic artefacts 

and fossilised biological specimens [106–114] have been imaged with NT and the 

resulting images show contrast between material phases that would not be present 

had XRT been utilised. The complementary nature of NT and XRT has also been 

exploited in research fields such as geology, geomechanics and for studying 

porous media [57,60,115–117]. In these studies, dual modality data has yielded an 

increase in information about the imaged object. Furthermore, a recent study 

employed NT as part of a multimodal approach to study corrosion in 

biodegradable implants [118]. These studies, together with the aforementioned NT 

studies performed by our research group, implies a significant potential for the 

use of NT in bone research.  

3.3 Mechanical testing  

The mechanical properties of a material at different length scales can be 

characterised by means of mechanical testing. By applying a load or a 

displacement to the material, and registering the resulting force and displacement 

data, extrinsic mechanical properties can be derived. A stress-strain curve can be 

calculated by taking the shape of the specimen into account, from which intrinsic 

mechanical properties can be obtained [119,120]. For bone tissue, the most relevant 

intrinsic mechanical parameters are: 

• yield and ultimate stress and strain (i.e., stress and strain at the limit between 

elastic and plastic behaviour and at failure) 

• Young’s modulus (i.e., the slope of the linear region) 

• toughness (i.e., the area under the stress-strain curve until failure). 

 

Mechanical testing can be performed at different length scales depending on the 

research question. The different tissue types (cortical and trabecular) exhibit 

different mechanical behaviours. On the organ scale, the combination of the 

tissue types, together with the specific shape of the bone, all contribute to the 

global mechanical properties. For characterising the mechanical properties of the 

individual bone tissues, each specific tissue type needs to be isolated.  



19 

 

In this thesis, compression testing of trabecular bone plugs was carried out as part 

of study IV. Hence, the focus here will be on the mechanical characteristics of 

trabecular bone. For a more complete description of bone mechanical properties, 

the reader is referred to, e.g., [121–126]. 

Mechanical characterisation of trabecular bone is commonly done by 

compression testing. These tests are realised by applying a compressive force or 

displacement to a specimen whilst simultaneously recording changes in both 

parameters. By using small (5-50 mm) cylindrical or cubic specimens, structural 

homogeneity of the sample can be assumed, and intrinsic material properties can 

be derived. As trabecular ultrastructure is optimised for the loading conditions 

occurring in the specific anatomical site, the mechanical properties vary 

depending on anatomical origin [127,128]. Studies have found that also strain rate, 

specimen shape, and specimen dimensions influence the measured mechanical 

behaviour [129,130]. Furthermore, the bone marrow found in the trabecular bone 

porosities has an effect on the compression behaviour with lower elastic modulus 

(26%) and maximum stress (38%) compared to when the marrow is removed [131]. 

Bone volume fraction (apparent BV/TV) has been shown to be the morphological 

parameter that most affects stiffness in trabecular bone [132,133]. Hence, when 

examining the mechanical parameters of a set of specimens, differences in 

BV/TV should be accounted for. BV/TV varies between species and anatomical 

locations [127,134–136]. Thus, by harvesting specimens from different locations in a 

skeletal bone obtained from one individual, variation in mechanical properties 

due to BV/TV can be accounted for whilst simultaneously reducing possible 

inter-individual influence. The mechanical properties of bone are also dependent 

on the hydration state of the tissue. Studies have shown that bone tissue exhibits 

increased stiffness with increased dehydration at multiple hierarchical levels [137–

140]. Hence, it is important to monitor hydration levels during testing to account 

for possible deviations in the obtained mechanical properties. Few studies have 

investigated how rehydration affects the mechanical behaviour. However, studies 

on the flexural properties of cortical bovine bone and whole mouse femora 

concluded that rehydration reverts the changes caused by drying [139,141]. In both 

studies, the specimens were dried in air for a prolonged amount of time (25 days 

for the cortical bone and 48 h for the mouse femora) before being rehydrated. 

Both studies found that 3 h was sufficient for the mechanical properties to revert 

to such an extent that no statistically significant differences were seen compared 

to the non-dried-and-rehydrated bone.  
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4. Material & Methods 

In this chapter, the material and methods used in this thesis are outlined. First, the 

samples used in each individual study are described. The methods for the SAS 

experiments in study I and II are then detailed, followed by the methods used for 

tomographic imaging in each of the four studies, and the mechanical testing 

carried out in study IV. Finally, a description of the methods used for analysis of 

the acquired data is presented.  

4.1 Samples  

Cortical bone from rabbits (Study I) 

Specimens consisted of cortical bone from the mid-diaphysis of the left humeri of 

female New Zealand White rabbits, harvested from five age groups (sacrificed at 

newborn (NB), 11 days, 1 month, 3 months, and 6 months of age). The sample 

collection was approved by the Animal Care and Use Committee of the 

University of Eastern Finland. Perpendicular sections (longitudinal and radial) 

with an average thickness of 140 µm were cut in the mid-diaphyseal region. Each 

age group was represented with n = 4-6 sections in both longitudinal and radial 

orientation except for the 3-months-old specimens, from which only longitudinal 

sections were obtained.  

Cortical bone from cow, sheep, and pig (Study II) 

Specimens consisted of cortical bone from one bovine (29 months old) and one 

porcine (6 months old) femora, as well as one ovine (7 months old) tibia, all 

obtained from the local abattoir. Perpendicular sections (longitudinal and radial) 

with an average thickness of 1 mm were cut in the mid-diaphyseal region. 
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Rat tibiae with metal implants (Study III) 

Specimens consisted of proximal rat tibiae with a hollow titanium screw (Ø = 3.5 

mm, h = 6.3 mm) implanted in the proximal diaphysis. All screws were filled 

with a biomaterial (calcium sulphate/hydroxyapatite). Male Sprague Dawley rats 

(~10 weeks old), procured from Taconic (Denmark) were divided into two 

groups, a control group (Ctrl, n = 5), and a treated group (Trtd, n = 6) where the 

biomaterial was mixed with bioactive molecules (zoledronic acid and 

recombinant human bone morphogenic protein-2). The protocol followed a 

previous study where the effects of these drugs on increased peri-implant bone 

formation were investigated in more detail [99]. The implant was placed 

transversely to the longitudinal axis of the bone and left to integrate for six weeks 

before the rats were euthanised by CO2 asphyxiation, as detailed in Raina et al. 

(2019) [99]. The tibiae were dissected, cleaned from soft tissue, and sectioned 

approximately 25 mm from the proximal epiphysis, before being immersed in 

physiological saline solution and frozen. The animal study was carried out in 

accordance with ethics guidelines and approved by the Swedish Board of 

Agriculture (permit numbers: M79-15 and 15288/2019).  

Rat tibiae and trabecular bovine bone plugs (Study IV) 

Specimens consisted of proximal tibiae from male Sprague Dawley rats and 

trabecular bovine bone plugs. The Sprague Dawley rats (~10 weeks old) were 

procured from Taconic (Denmark). The rats were euthanised by CO2 

asphyxiation. The tibiae (N = 3) were dissected, cleaned from soft tissue, and 

sectioned approximately 25 mm from the distal epiphysis. The use of the animals 

was approved by the Swedish Board of Agriculture (permit numbers: M79-15 

and 15288/2019). Trabecular bovine bone plugs (N = 75, Ø = 6 mm, h = 10 mm) 

were extracted from different anatomical locations (major trochanter, head, neck, 

and metaphysis) in the proximal femurs of adult (28-29 months) heifers, procured 

from the local abattoir.  

To explore how the amount of D2O in bone specimens affects NT images, the rat 

tibiae were dried in vacuum (-25 inHg) at ambient temperature for 16 h before 

being imaged with NT (Figure 4.1a). They were then rehydrated by immersion in 

salinated D2O (0.9% NaCl) for ~12 h and imaged again. Two of the three 

specimens were rehydrated further and imaged again after ~30 h and ~35 h, 

respectively. To elucidate how drying and rehydrating bone specimens affect 

bone mechanical properties, the trabecular bone plugs were divided into three 

groups such that three hydration states could be compared: control, dried, and 

rehydrated (Figure 4.1b). Mechanical testing was carried out during three 

experimental campaigns and the hydration protocols varied slightly, as detailed 

below. All specimens were weighed before and after each step of the hydration 

protocol to assess weight loss and gain due to drying and rehydration. 
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Experimental campaign I - specimens imaged with NT (N = 18) 

• Control (n = 6) – soaked in salinated D2O (0.9% NaCl) for 48 h to 

exchange the inherent H2O for D2O by diffusion 

• Dry (n = 6) – dried in vacuum (-25 inHg) at ambient temperature for 3 h  

• Rehydrated (n = 6) – dried in vacuum (-25 inHg) at ambient temperature 

for 3 h before being immersed in salinated D2O (0.9% NaCl) for 48 h  

Experimental campaign II (N = 30) 

• Control (n = 10) – frozen immediately after harvest 

• Dry (n = 10) – dried in vacuum (-25 inHg) at ambient temperature for 3 h  

• Rehydrated long (n = 10) – dried in vacuum (-25 inHg) at ambient 

temperature for 3 h before immersion in physiological saline solution 

(0.9% NaCl, H2O) for 48 h 

Experimental campaign III (N = 27) 

• Control (n = 9) – frozen immediately after harvest 

• Dry (n = 9) – dried in vacuum (-25 inHg) at ambient temperature for 3 h  

• Rehydrated short (n = 9) – dried in vacuum (-25 inHg) at ambient 

temperature for 3 h before immersion in physiological saline solution 

(0.9% NaCl, H2O) for 3 h  

 

 

Figure 4.1. Overview of the experimental procedure in study IV. a) Proximal rat tibiae (N 

= 3) were dried in vacuum before being imaged with NT. The tibiae were then rehydrated 

in D2O and imaged again. Two of the specimens were further hydrated and imaged a third 

time. b) Trabecular bone plugs (N = 75) were extracted from bovine femora. Triplets 

(plugs extracted next to each other) were divided into three groups that were subjected to 

three different hydration protocols. A subset (n = 18, 6 plugs per hydration state) plugs 

were imaged with NT. All plugs were tested mechanically to assess possible changes in 

mechanical properties caused by the drying and rehydration. 
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4.2 Small-angle scattering (Studies I-II) 

SAXS for studying mineralisation in cortical bone (Study I) 

2D scanning micro-focused SAXS measurements were carried out during two 

beamtimes at the cSAXS beamline, Swiss Light Source, Paul Scherrer Institut 

(PSI), Villigen, Switzerland [142]. During the first beamtime, radial samples were 

measured mounted on Kapton tape, using a beam energy of 12.4 keV, equivalent 

to an x-ray wavelength of 1 Å, with a SDD of 7.1 m, beam size of 5.5×4 µm2, 

step size of 5 µm (resulting in 5×5 µm2 pixel size in raster-scan), and an exposure 

time of 30 ms per scan point. During the second beamtime, longitudinal samples 

were measured using the same parameters as above except that the exposure time 

was 100 ms and no Kapton tape was used. In both cases, a Pilatus 2 M detector 

bank [143] with 1475×1679 pixels (172×172 µm2 pixel size), was used to collect 

scattering data in the 𝑞-range 0.03-1.75 nm−1. For all measurements, a calibrated 

microscope was used to define regions of interest. Depending on the thickness of 

the cortex, areas between 0.12 and 0.91 mm2 were scanned using continuous line 

scans. AgBe was used for calibration of the q-range. Additional measurements on 

a single piece of Kapton tape were performed to subtract the signal from the 

measurements of the radial samples. 

SANS and SAXS from cortical bone for nanostructure 

characterisation (Study II) 

SANS measurements were carried out at the D11 beamline, at the Institut Laue–

Langevin, Grenoble, France [144]. The specimens were placed in 2 mm quartz 

cuvettes (100-QS, Hellma Analytics) for single point measurements. A 

wavelength of 5.6 Å in combination with SDDs of 39 m, 8 m, and 1.4 m were 

utilised to acquire data in the 𝑞-range 0.00046-0.36 Å−1 (Figure 4.2a), using 

CERCA detectors with pixel size of 3.75×3.75 mm2. The beam spot size was Ø 2 

mm. An empty cuvette was measured to account for background.  

SAXS measurements were carried out at the cSAXS beamline, Swiss Light 

Source, Paul Scherrer Institut (PSI), Villigen, Switzerland [142]. The specimens 

were mounted directly on the specimen stage and were hence measured in air. A 

beam energy of 12.4 keV, equivalent to an x-ray wavelength of 1 Å, in 

combination with a SDD of 7.1 m were utilised to acquire data in the 𝑞-range of 

0.0048-0.109 Å−1 (Figure 4.2b), using a Pilatus 2 M detector with pixel size 

172×172 µm2 [143]. The beam size at the specimen position was 150×125 µm2. A 

2D grid scan of 8×9 points was performed to cover an area of 1.2×1.125 mm2 

centred at the same positions as measured previously with SANS.  
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Figure 4.2. Experimental setup for study II. a-b) Experimental setup for SANS and 

SAXS, respectively, specifying distances between specimen and detector, and the 

resulting 𝑞-ranges (log-log scale). 

 

4.3 Tomographic imaging (Studies I-IV) 

XRT for tissue mineral density assessment (Study I) 

XRT measurements were carried out using a Skyscan 1172 (Skyscan, Aartselaar, 

Belgium). Energy settings of 100 kV and 100 µA were used, with a 0.5 mm 

aluminium filter and eight-repeated scans. Due to the large spread in size 

between younger and older specimens, different isotropic voxel sizes were used 

(14.8 µm for NB and 11 days, 21.7 µm for 1 month, and 34.6 µm for 3 months 

and 6 months) to image as much of each specimen as possible. Image 

reconstruction was performed by correcting for ring artefacts and beam hardening 

(20%) (SkyScan NRecon package v. 1.5.1.4). A water phantom and two HAp 

phantoms (0.75 g/cm3 and 0.25 g/cm3, respectively) were imaged with each set of 

imaging settings. Calibration of TMD was carried out according to the system 

manufacturer’s protocol. 
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XRT for structural characterisation of cortical bone (Study 

II) 

XRT measurements were carried out using a ZEISS Versa XRM52 at the 4D 

Imaging Lab, Division of Solid Mechanics, Lund University, Sweden. A tube 

voltage of 80 kV and power of 70 W were used to collect 2501 projections over 

360°, each with 5 s exposure. The field-of-view (FOV) was 18×18 mm2, and the 

isotropic voxel size in the reconstructed images was 9.25 µm. Two HAp 

phantoms (0.75 g/cm3 and 0.25 g/cm3, respectively) were imaged to calibrate the 

TMD of the specimens. 

NT and XRT of rat tibiae with metal implants (Study III) 

Dual modality tomographic imaging was carried out at the NeXT-Grenoble 

beamline at Institut Laue-Langevin (ILL), Grenoble, France [84]. Each specimen 

was mounted vertically, with the proximal epiphysis facing upwards, and placed 

as close to the detector as possible. The dual NT and XRT setup at NeXT-

Grenoble enabled imaging with NT followed by XRT without moving the 

specimen.  

For the NT, 1200 projections, covering a FOV of 41×41 mm2, were acquired over 

360° rotation using a pinhole of 23 mm (D). The exposure time was 2 seconds 

per projection and 3 projections per angle were averaged to reduce noise. The 

resulting virtual isotropic voxel size was 18.6 µm. Due to the large collimation 

distance (L ≈ 10 m), the neutron beam at the specimen position was considered 

parallel. By placing the specimen as close as possible to the detector, the 

measured spatial resolution was close to 46 µm (L/D ≈ 435). For XRT, 1312 

projections were acquired over 360° rotation, covering the same FOV as for the 

NT. The source voltage and current were 110 kV and 160 µA, respectively, in 

combination with a frame rate of 9 Hz, and averaging 5 projections per angle to 

reduce noise. The resulting virtual isotropic voxel size was 24.4 µm. Both 

neutron and x-ray projections were normalised for beam inhomogeneities and 

background noise in the scintillators and cameras, before being reconstructed 

using the filtered-back-projection technique as implemented in the commercial 

software X-Act (RX Solutions, Chanavod, France). 

Effects of hydration state on NT images of bone (Study IV) 

NT of rat tibiae and trabecular bovine bone plugs (n = 18) was carried out at the 

NeXT-Grenoble beamline at ILL, France [84]. XRT of all bone plugs (N = 75) was 

carried out at the NeXT-Grenoble beamline (n = 18) and at the 4D Imaging Lab, 

Division of Solid Mechanics, Lund University, Sweden (n = 57). 
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For NT of the rat tibiae, 1792 projections, covering a FOV of 13.5×13.5 mm2, 

were acquired over 360° rotation using a pinhole of 30 mm. The exposure time 

was 3 seconds per projection and 3 projections per angle were averaged to reduce 

noise. The resulting virtual isotropic voxel size was 7.15 µm. The collimation 

distance was ~10 m, yielding L/D ≈ 333. For NT of the bovine trabecular bone 

plugs (n = 18), 992 projections, covering a FOV of 32×32 mm2, were acquired 

over 360° rotation using a pinhole of 23 mm. The exposure time was 3.5 seconds 

per projection and 3 projections per angle were averaged to minimise noise. The 

resulting virtual isotropic voxel size was 15.6 µm. The collimation distance was 

~10 m, yielding L/D ≈ 435. Without moving the specimens, XRT was done using 

a source voltage and current of 110 kV and 160 µA, respectively. 1312 

projections were acquired over 360° rotation, covering the same FOV as for the 

NT. The frame rate was 9 Hz and 5 projections per angle were averaged to reduce 

noise. The virtual isotropic voxel size was 24 µm. The neutron and x-ray 

projections for both tibiae and bone plugs were normalised for beam 

inhomogeneities and background noise in the scintillators and cameras, before 

being reconstructed using the filtered-back-projection technique as implemented 

in the commercial software X-Act (RX Solutions, Chanavod, France). 

The trabecular bone plugs that were used only for analysing the mechanical 

properties (n = 57) were imaged with XRT using a ZEISS Versa XRM52. Source 

voltage and current were 80 kV and 87 µA, respectively. 1001 projections were 

acquired over 360° rotation, covering a FOV of 14×14 mm2. The exposure time 

was 1 sec, and the virtual isotropic voxel size was 13.5 µm. Reconstruction was 

performed using the filtered-back-projection technique as implemented in the 

ZEISS reconstruction software. 

4.4 Mechanical testing (Study IV) 

Effects of hydration state on mechanical properties of bone 

(study IV) 

Trabecular bovine bone plugs (N = 75) were tested in unconfined uniaxial 

compression (Instron® 8511.20, Instron Corp). After applying a pre-load of 15 

N, a constant displacement rate of 1 mm/sec was used to compress the 

specimens. Force and displacement data were collected and converted to stress 

and strain by normalising for specimen dimensions. Failure was considered as the 

first clear peak in the resulting stress-strain curves. From the stress-strain curves, 

intrinsic parameters were calculated, namely peak stress, Young’s modulus, and 

toughness. Considering the specimen specific apparent BV/TV, these parameters 

were compared between hydration states. 
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4.5 Data analysis 

Small-angle scattering (Studies I-II)  

SAXS for studying mineralisation in cortical bone (Study I) 

The 2D scattering data from each scan point were analysed using in-house 

Matlab code (R2018b, MathWorks Inc., MA, USA) [74]. Using the method 

described by Turunen et al. (2016) [37], based on Bünger et al. (2010) [38], the 

average mineral plate thickness was calculated by curve fitting in the 0.32-1.40 

nm−1 𝑞-range. The average mineral plate orientation and degree of orientation 

were determined as described previously [74]. Thus, for each sample, maps of each 

parameter were generated. From the maps, scan points without bone tissue were 

excluded using a specimen specific mask based on the integrated SAXS intensity. 

The orientation value for each point was corrected by adding/subtracting the tilt 

of the cortex in the sample setup, such that the long axis was set as 90°.  

The structural parameters were investigated as a function of animal age and tissue 

age. The latter was performed by looking at radial profiles of osteons, from the 

canal to the interstitial tissue, in the oldest age group where proper osteons had 

formed. The mineral plate thickness heterogeneity was evaluated from the full 

width at half maximum (FWHM) of a Gaussian curve fitted to the histogram of 

the spatial distribution. The goodness-of-fit was checked by means of residuals 

and a threshold was introduced to exclude bad fits, resulting in the omittance of 

four samples in the longitudinal group (two from the 1-month group, and one 

from the 3- and 6-months groups, respectively). 

SANS and SAXS for structural characterisation of cortical bone 

(Study II) 

The 2D SANS data from each scan point were analysed in LAMP [145] and 

GRASP (GRASansP Barebones v. 8.14, Charles Dewhurst, Institut Laue 

Langevin, France). Data from each detector configuration were normalised by the 

intensity of the attenuated direct beam and the corresponding attenuation factor to 

reach absolute scale intensity. The beamstop and detector edges were masked 

away, and the data were integrated both over 2π (full integration), and parallel 

with and perpendicular to the collagen fibre orientation (partial integration for 

anisotropy analysis). The partial integration was performed as 10 pixels wide 

strips around the beam centre and extending well beyond the region where counts 

were detected. The integrated data from the three configurations were merged 

using Matlab (R2019a, MathWorks Inc., MA, USA) to have a continuous 𝑞-

range. This was achieved by adjusting the intensities of the mid- and high-𝑞 data 

ranges to overlap the low- and mid-𝑞 range data, respectively, using a factor 

close to 1 (± 10%). 
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The 2D SAXS data were averaged to simulate the volume measured with SANS. 

Data reduction, calibration to absolute intensity using a glassy carbon standard 
[146], and subsequent angular integration were performed using in-house Matlab 

code (R2019a, MathWorks Inc., MA, USA) [34,37], as well as the cSAXS Matlab 

base package [147]. The beamstop, edges of the detector modules, and bad pixels 

were masked away before the data were integrated both over 2π (full integration), 

and parallel with and perpendicular to the collagen fibre orientation (partial 

integration for anisotropy analysis). The partial integration was realised as 30 

pixels wide strips around the beam centre and extending well beyond the region 

where counts were detected. 

The integrated scattering intensities from SANS and SAXS were compared in the 

overlapping 𝑞-range (0.0048–0.109 Å−1). The intensities were adjusted by a 

proportionality constant, specific to the specimen and measurement position, to 

overlap at low 𝑞. The difference between SANS and SAXS intensities at each 𝑞, 

defined as the interval between two sequential SANS data points, was calculated 

to identify 𝑞-range dependent differences between the techniques. Also, the 

difference for the entire overlapping 𝑞-range was investigated. In addition, 

anisotropy was explored using the partial integration. For this the overlapping 𝑞-

range was slightly smaller due to the reduced SNR at high 𝑞. Furthermore, 

integration as a function of azimuthal angle covering four partial 𝑞-ranges was 

used to elucidate possible differences in anisotropy as a function of 𝑞. The 

anisotropic scattering patterns were further analysed in terms of an order 

parameter, 𝑆, quantifying the orientational order of the mineral plates, assuming 

uniaxial symmetry. Scattering contrast was compared using scattering length 

densities of collagen and mineral calculated using the NIST Neutron activation 

and scattering calculator. 

  



30 

 

Tomographic imaging (Studies I-IV) 

Tissue mineral density calculation (Studies I-II) 

Using the imaged HAp phantoms, voxels with a greyscale value corresponding to 

a TMD above a set threshold (0.20 g/cm3 in Study I and 1.0 g/cm3 in Study II) 

were considered mineralised tissue. For the specimens in study II, the positions 

(regions-of-interest, ROI) measured with SANS and SAXS were identified based 

on known distances obtained from the transmission measurements from the 

scattering experiments. After segmentation of the mineralised tissue, the average 

TMD for a specimen (study I) or ROI (study II) was calculated.  

Microstructural orientation (Study II) 

Using ImageJ v1.52i [148], micro-porosity was visualised by minimum intensity 

projection. Porosity was calculated using BoneJ [149] and microstructural 

orientation was obtained using OrientationJ [150].  

Bimodal image registration and joint histogram analysis (Study III) 

The XRT image volumes were registered onto the NT image volumes using the 

open source SPAM software [151] and the Gaussian mixture model for multi-

modal image registration [115,116] (Figure 4.3a). As a by-product, the registration 

also yields a phase segmentation, where each phase corresponded to a different 

material phase (Figure 4.3b).  

The joint histograms (250×250 bins) were analysed in terms of peak centre 

position and peak shape to investigate how skeletal tissues and metallic implants 

are captured with NT and XRT (Figure 4.3a). Peak centre positions were 

obtained using a custom Matlab script where user input on an initial guess of 

peak centre positions was used in combination with a peak-finding algorithm 

(findpeaks.m, Matlab, R2019a, MathWorks Inc., MA, USA). For each peak and 

specimen-specific joint histogram, a square (70×70 bins) ROI was centred on the 

identified peak centre position (Figure 4.3c) and a threshold of 75% of the mean 

intensity inside the ROI was used to remove low intensities. The intensity 

contributions from each modality (i.e., the “visibility” of the various phases) were 

evaluated by projecting the peak onto the y-axis (NT) or x-axis (XRT), as defined 

in Figure 4.3d. FWHM and area-under-curve (AUC) normalised to the total area 

(TA) covered by the ROI (AUC/TA) (Figure 4.3e), as well as peak centres were 

compared between modalities, specimens, and treatment groups. 
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Figure 4.3. Data analysis in study III. Bimodal image registration and joint histogram 

analysis. a) Midline sagittal slices of registered NT and XRT images for a representative 

specimen from the Trtd group. b) Phase segmentation of the material phases obtained 

from the multi-modal image registration of the images in (a). The scale bar refers to both 

(a) and (b). c) Intensity peaks in the joint histogram, identified as corresponding to soft 

tissue (red), miscellaneous non-separated structures (misc, blue), high-density bone tissue 

(mint), and the metallic implant (black). d) The peak corresponding to high-density bone 

tissue, after thresholding at 75% of the mean intensities inside the ROI. Intensity 

contribution from treatment groups (Ctrl and Trtd) and modalities (NT and XRT) were 

obtained by projecting the peak onto each of the histogram axes. The data is shown as the 

mean of each treatment group and modality (black line) with their respective standard 

deviation (shaded area). e) Definition of AUC (shaded area under the curve) and FWHM, 

exemplified using an NT peak from a Trtd specimen. 

 

Figure 4.4. Data analysis in study III. Midline sagittal slice through a volume rendering of 

the segmented bone phase in the NT image of a representative specimen from the Ctrl 

group. The three ROIs used to quantify peri-implant bone (ROI 1), cortical bone (ROI 2), 

and soft tissue and trabecular bone (ROI 3) are indicated in black. 
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Volume fraction calculation (Studies III-IV) 

Tissues were segmented using threshold values selected to yield the best visual 

segmentation for all specimens. Tissue volume fractions were calculated as the 

ratio between the volume of the segmented tissue and the total volume inside a 

defined ROI.  

In study III, volume fractions were calculated in three different anatomical 

locations (Figure 4.4). The tissue volume inside each ROI was obtained either 

from the phase segmentation acquired from the bimodal image registration or 

from segmentation by means of thresholding in the NT and XRT images. For all 

ROIs, tissue volume fractions were compared between segmentation approaches. 

The amount of newly formed bone at the bone-implant interface (ROI 1) was 

calculated inside a ROI defined using the phase segmentation of the implant. 

Here, bone volume fraction was compared both between segmentation 

approaches and treatment groups. The volume fraction of high-density bone 

tissue inside a ROI distal to the implant (ROI 2) was compared between 

segmentation approaches for the specimens in the Ctrl group. The volume 

fractions of soft tissue and trabecular bone inside a ROI in the metaphysis (ROI 

3) were between segmentation approaches for the specimens in the Ctrl group. 

In study IV, bone volume fraction in the trabecular bone plugs was obtained from 

the XRT images using the ImageJ plugin BoneJ (v7.09) after segmentation based 

on thresholding. The edges of the bone plugs were excluded to reduce influence 

from bone fragments remaining from the extraction process.  

Image quality assessment (Studies III- IV) 

The contrast between material phases, or between material phases and 

background was evaluated in terms of contrast-to-noise-ration (CNR), as per 

Equation 4.1. 

𝐶𝑁𝑅 =  
|𝑚𝑒𝑎𝑛(𝑆𝑖) − 𝑚𝑒𝑎𝑛(𝑆𝑖𝑖)|

√𝑠𝑡𝑑(𝑆𝑖)2 + 𝑠𝑡𝑑(𝑆𝑖𝑖)2
 4.1 

Here 𝑚𝑒𝑎𝑛(𝑆𝑖) is the mean grey value of material phase 𝑖, and 𝑚𝑒𝑎𝑛(𝑆𝑖𝑖) is the 

mean grey value of material phase 𝑖𝑖 or of the background. In study III, the 

material phases high-density bone, soft tissue, and metallic implant were isolated 

using the phase segmentation obtained from the image registration. In study IV, 

regions containing background, bone cortex, and D2O were defined manually in 

three representative image slices for each dataset.  

In study IV, image contrast was further evaluated by looking at line profiles and 

grey value distributions. In the images of the two tibial specimens rehydrated for 

> 40 h, line profiles were taken across a region where D2O was present in the 

final hydration state, in a representative image slice identified in all hydration 

states. To look at similar regions, the image volumes were manually aligned 

using ImageJ (1.53c, National Institute of Health, USA). The line profiles were 
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assessed in terms of features and intensity. Contrast was also assessed by 

comparing the grey value distributions in the NT images of the trabecular bovine 

bone plugs.  

Statistical analysis (Studies I, III, and IV) 

In study I, linear mixed-effects analysis was used to test for statistical 

significance of changes with animal age while considering the high number of 

measurement points per sample (R Studio, v1.2.1335, RStudio, Inc.). A Kruskal-

Wallis test was used to compare spatial heterogeneity of the mineral crystal 

thickness, the structural parameters from the osteonal profiles, as well as TMD 

between age groups (Matlab R2018b, MathWorks Inc., MA, USA). Pearson’s 

linear correlation coefficients were used to compare the new SAXS and XRT 

data with data from polarised light microscopy and spectroscopy from previous 

studies [5,6]. All statistics were done on a significance level of p = 0.05. 

In study III, the analysed parameters were not normally distributed, as confirmed 

by the Shapiro-Wilk normality test. Hence, non-parametric statistical analysis 

was used to compare peak centre positions, peak shapes (AUC/TA and FWHM), 

CNR, and volume fractions. Paired parameters obtained from the two modalities 

(NT and XRT) were compared using the Wilcoxon signed-rank test. Treatment 

groups (Ctrl and Trtd) were compared using the Mann-Whitney U-test. All 

statistical analyses were done on a significance level of p = 0.05, in Matlab 

(R2019a, MathWorks Inc., MA, USA). 

In study IV, linear mixed-effects analysis was used to assess differences in 

mechanical properties between hydration groups. The mechanical parameter was 

defined as the response/dependent variable. BV/TV and hydration state were 

considered explanatory variables and experimental campaign was used as a 

random effect to account for possible differences between campaigns. The 

response variable was log-transformed to correct for heteroskedasticity in the 

residuals, after which assumptions of homoskedasticity and normality were 

considered to be met. A quadratic effect of BV/TV was added to correct for a 

quadratic pattern in the residuals-versus-BV/TV plots. Goodness-of-fit was 

assessed through root-mean-square-error (RMSE), and adjusted coefficient of 

determination (R2). All statistical analyses were done on a significance level of p 

= 0.05, in Matlab (R2019a, MathWorks Inc., MA, USA).  
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5. Results 

In this chapter, the main results and findings from each study is presented. Each 

section starts with a short summary of the approach in the study, followed by a 

summary of the main results. 

5.1 Mineralisation during maturation and growth 

(Study I) 

SAXS data were acquired from cortical bone specimens cut in perpendicular 

orientations (radial and longitudinal), obtained from rabbits at different stages of 

maturation (newborn (NB), 11 weeks, 3 months, and 6 months of age). Mineral 

plate thickness in both longitudinal and radial specimens, as well as orientation 

and degree of orientation in the longitudinal specimens were compared between 

age groups to elucidate changes with animal age. Radial profiles of osteons were 

analysed to assess changes with tissue age. XRT measurements were performed 

to obtain TMD. The SAXS data from the radial specimens were compared to 

mechanical and spectroscopic data collected previously [5,6].   

Mineral plate thickness increased with animal age in both longitudinal and radial 

specimens (Figure 5.1a, b). For the radial specimens, an increase was seen only 

between the 6-month-old and younger age groups (p < 0.05). For the longitudinal 

specimens, significant changes were seen between all age groups. At 6-months of 

age, the mineral plate thickness was lower in the radial sections than in the 

longitudinal. Based on the analysis of the osteonal profiles, a trend of increasing 

thickness from the inner edge to half of the profile was seen, after which it 

decreased and seemed to plateau reaching the outer edge (Figure 5.1c). 

Comparison with spectroscopic data from the same cohort of specimens [5] (Table 

5.1) showed correlation with crystal maturation (crystallinity) and bone turnover 

(carbonate/phosphate and carbonate/amide I). Comparison to mechanical 

properties indicated a relationship between thickening of the mineral plates and 

higher elastic stiffness of the tissue. The orientation of the mineral plates in the 

longitudinal specimens stayed constant at around 90° (i.e., parallel with the long 

axis of the bone), whilst the degree of orientation increased with animal age 

(Figure 5.1a). TMD was found to increase with animal age up to 3 months of age. 

Changes in TMD and mineral plate thickness were highly correlated in the 

longitudinal specimens.  
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Figure 5.1. Main results from study I. Changes in mineral plate thickness and orientation, 

in longitudinal and radial sections, as a function of animal and tissue age. a) Changes in 

mineral plate thickness and degree of orientation with animal age for the longitudinal 

specimens. b) Changes in mineral plate thickness with animal age for the radial 

specimens. (c) Changes in mineral plate thickness as a function of tissue age (right), 

based on radial profiles in osteons (left).  

Table 5.1. Pearson’s linear correlation coefficients and corresponding p-values for 

comparison of specimen mean values of mineral plate thickness from study I and 

spectroscopic data obtained from the same specimens, published earlier in Turunen et al. 

(2011) [5].  

 FTIR Raman 

Crystallinity R = -0.7, p = 0.6e-3 R = 0.5, p = 3.8e-2 

Mineral/matrix Not significant R = 0.8, p = 5.0e-6 

Carbonate/phosphate R = 0.8, p = 3.3e-6 R = 0.6, p = 3.0e-3 

Carbonate/amide I R = 0.8, p = 7.7e-6 R = 0.9, p = 4.1e-7 

Acid phosphate substitution R = -0.8, p = 2.5e-5 N/A 
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5.2 Comparison of SANS and SAXS (Study II) 

SANS and SAXS data were acquired from cortical bone specimens, cut in 

perpendicular orientations (radial and longitudinal), obtained from three different 

species (cow, pig, and sheep). The integrated scattering intensities were 

compared in the overlapping 𝑞-range to elucidate similarities and differences 

between modalities. An order parameter, 𝑆, was used to quantify the orientational 

order of the mineral crystal plates.  

The scattering data obtained with SANS was essentially identical to the 

corresponding SAXS data. Only minor differences (≤ 15.4%) were seen when 

comparing the integrated scattering intensities in the overlapping q-region. These 

differences increased slightly as a function of 𝑞, with the SAXS intensity at 

higher 𝑞 being lower compared to the SANS intensity (Figure 5.2a, b). The 

orientational order, 𝑆, remained constant for both longitudinal and radial 

specimens in both SANS and SAXS (𝑆 = 0.66 ± 0.09, and 𝑆 = 0.47 ± 0.14, mean 

± std), for the longitudinal and the radial specimens, respectively (Figure 5.2c, d).  
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Figure 5.2. Main results from study II. Comparison of 𝐼(𝑞) in the overlapping 𝑞-range 

and of the structure parameter, 𝑆, at specific 𝑞-ranges. a) Representative 2π integration 

(log-log scale) of SANS (∆) and SAXS (o) data from one measurement position on the 

longitudinal bovine specimen. The SAXS data was offset to overlap with the SANS data 

at low 𝑞. The 𝑞-ranges used for azimuthal integration (c, d) are indicated in grey. b) 

Zoom-in on the overlapping 𝑞-range for scattering data in (a). 𝑞-dependent intensity 

differences (linear-log scale) for full integration of SANS and SAXS scattering intensities 

in the overlapping 𝑞-region are shown below as mean (blue line) and standard deviation 

(shaded grey area) for the three measurement positions. c) 2D SAXS scattering patterns 

with overlays in red indicating the 𝑞-ranges used for the azimuthal integration (indicated 

in grey in (a)). d) 𝑞-range dependent order parameter (𝑆), for longitudinal and radial 

specimens, shown as mean (thick horizontal lines) of SANS (blue) and SAXS (red) 

measurements, standard deviation (bar), and value per measurement position for bovine 

(∆), porcine (o), and ovine (*).  
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5.3 Comparison of NT and XRT for visualising 

skeletal tissues (Study III) 

Distal rat tibiae with metallic implants were imaged with NT and XRT. After 

superimposing the images using a dedicated image registration algorithm, the 

complementarity of the modalities was investigated by evaluating visualisation of 

different material phases (Figure 5.3a), by comparison of volume fractions in 

different locations in the specimen (Figure 5.3b), and by assessing the properties 

of the individual images, such as the CNR. The complementarity was further 

investigated via analysis of the dual modality histogram, joining the neutron and 

x-ray data. From these joint histograms, peaks with well-defined grey value 

intervals corresponding to the different material phases observed in the 

specimens were identified and compared.  

Peak centre positions were different for all material phases (soft tissue, 

miscellaneous non-separated structures, high-density bone tissue, and metallic 

implant) in both NT and XRT, whilst only the peak corresponding to 

miscellaneous non-sorted structures had different centre positions in XRT for the 

two treatment groups. AUC/TA for the peak corresponding to soft tissue was 

higher in the Ctrl group than in the Trtd group. CNR revealed that for both bone 

and soft tissues, NT gave a higher contrast against the background than XRT. For 

the implant, the opposite was observed. Significantly more bone was measured 

around the implant (ROI 1) in the Trtd than in the Ctrl group both for NT and 

XRT (Figure 5.3c). No statistically significant differences were found between 

the measurements from the two imaging modalities. The phase segmentation did 

not show differences between the treatment groups. All three segmentations 

resulted in similar volume fractions for the high-density bone tissue in the ROI 

distal to the implant (ROI2, Figure 5.3d). Segmentation of soft tissue in the 

metaphysis (ROI 3) resulted in similar volume fractions for NT and the phase 

segmentation (PS), whereas it was higher with XRT (Figure 5.3e). Bone volume 

fractions in the metaphysis were similar for NT and XRT, but lower for the PS. 
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Figure 5.3. Main results from study III. Visualisation of material phases for NT and XRT, 

and comparison of volume fractions of bone tissue and soft tissue segmented using 

thresholding of NT and XRT, and phase segmentation (PS). a) Midline sagittal slices of 

registered NT and XRT images for a representative specimen from the Trtd group. 

Material phases are indicated in orange. b) Midline sagittal slice through a volume 

rendering of the segmented bone phase (based thresholding) in the NT image of a 

representative specimen from the Ctrl group. The three ROIs used to quantify peri-

implant bone (ROI 1), cortical bone (ROI 2), and soft tissue and trabecular bone (ROI 3) 

are indicated in black. c) Volume fractions of peri-implant bone tissue (ROI 1). 

Statistically significant differences are indicated with * (p < 0.05) and ** (p < 0.01). d) 

Volume fractions of high-density bone tissue in the distal shaft in specimens from the Ctrl 

group (ROI 2). e). Volume fractions of soft tissue and bone tissue in the metaphysis in 

specimens from the Ctrl group (ROI 3). 
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5.4 Effects of hydration state on NT images of bone 

(Study IV) 

Distal rat tibiae and trabecular bovine bone plugs were imaged with NT at 

different hydration states, to elucidate the effects on contrast between material 

phases. Contrast was evaluated based on CNR, line profiles, and image 

histograms. To account for changes in mechanical properties due to drying and 

rehydration, the trabecular bone plugs were tested in unconfined uniaxial 

compression and mechanical properties (peak stress, Young’s modulus, and 

toughness) were compared between hydration groups.  

CNR for cortex vs background decreased with increasing hydration (Figure 5.4c). 

After rehydration for > 40 h, free D2O was seen in the intramedullary canal 

(Figure 5.4a). At this time point, CNR between bone tissue and D2O, and 

between background and D2O, was lower than between bone tissue and 

background. The line profiles showed decreased contrast (difference in grey 

value intensity) between cortex and background with increasing rehydration 

(Figure 5.4b). When the intramedullary canal was filled with D2O, contrast was 

only seen between D2O and soft tissue. In addition, thickening of the cortex as 

the tissue was rehydrated was observed. The histograms of the trabecular bone 

plugs displayed peaks corresponding to void, bone tissue, and marrow (Figure 

5.4e). The soaked specimens lacked the peak corresponding to void, except for in 

one specimen. The dried specimens had prominent void peaks and displayed a 

merging of the peaks corresponding to bone tissue and marrow. The low contrast 

between these two phases was evident also by visual inspection of the 

tomographic images of the dried specimens (Figure 5.4d). The rehydrated 

specimens had separated bone tissue and marrow peaks but also exhibited void 

peaks. The linear mixed-effects analysis used to assess the mechanical properties 

obtained from the compression test of the trabecular bone plugs showed no 

differences between hydration states, indicating that drying for 3 h does not 

substantially affect the mechanical properties of these types of specimens.  
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Figure 5.4 Main results from study IV. Contrast between material phases at different 

hydration states for rat tibiae and trabecular bovine bone plugs. a) Sagittal slices of a rat 

tibia with regions for line profile indicated with dashed square; dried (red), rehydrated 12 

h (orange), rehydrated > 40 h (blue). Bone cortex, soft tissue, and D2O are indicated with 

white arrows. b) Zoom-in of the regions in (a), with corresponding separated and overlaid 

line profiles. Thickening of the cortex with increased hydration is indicated with dashed 

lines. The arrows indicate increased signal due to D2O (solid), and reduced contrast for 

inner structures (dashed). c) CNR for cortex vs background (Bg), D2O vs Bg, and D2O vs 

cortex at the different hydration states, with zoom-ins of the first two hydration states for 

easier identification of the individual data points. d) Transverse slices of representative 

trabecular bovine bone plug specimens from each hydration group. e) Specimen-specific 

histograms. Each row corresponds to one triplet, i.e., plugs extracted next to each other 

from the same anatomical location. Arrows indicate peaks corresponding to void 

(yellow), bone tissue (black), and marrow (blue). 
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6. Discussion 

6.1 General  

The aim of this thesis was to investigate the possible complementarity of selected 

neutron and x-ray techniques for structural characterisation of skeletal tissues at 

different length scales. In studies I and II, SAS was used to characterise the 

nanostructure, namely the thickness and organisation of the HAp mineral plates, 

and to elucidate the possibilities of obtaining structural information about the 

collagen matrix using SANS. In studies III and IV, tomography was used to 

visualise the microstructure. Study III focussed on the complementarity of NT 

and XRT. In Study IV, the effects of hydration state on neutron tomographic 

images were explored.  

The two techniques, i.e., SAS and tomography, were chosen since they target 

length scales that are important for answering questions about how bone structure 

relates to the mechanical integrity of bone tissue. SAS probes the nanoscale, 

where the amount, size, and alignment of the mineral phase affects fracture 

resistance. A better understanding of the interplay between changes in bone 

nanostructure and damage resistance enables, e.g., development of drugs and 

other medical interventions for correction of deviations from a healthy 

nanostructure. Tomography has several applications but the focus in this thesis 

was on microstructural characterisation with the aim of assessing bone-implant 

integration. Surgical revisions due to implant loosening are costly and cause 

excess suffering for the patient. A better understanding of damage mechanisms 

leading to failed implant anchorage makes it possible to improve implant designs 

and develop medical treatments to improve implant stability.  

Although x-rays are state-of-the-art in bone research in general, and for SAS and 

tomography specifically, they are not always ideal for structural characterisation 

of bone tissue. As has been shown in this thesis, neutrons are complementary to 

x-rays and can help tackle some of the challenges associated with x-rays in bone 

research. However, there are also challenges that must be addressed with 

neutrons. Some of these were highlighted through the studies in this thesis and 

will be discussed in the following sections. 
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6.2 Small-angle scattering   

The high flux and small spot size of synchrotron based SAXS measurements 

enables mapping of large areas at high resolution (see e.g., Figure 6.1b). This is a 

powerful tool as it facilitates collection of large datasets, which is of high 

importance when studying biological system where the intra- and inter-variability 

within and between specimens can be large.  Study I was designed to gain insight 

into how the mineral phase in bone changes during maturation and growth. To 

this end, perpendicular cortical bone sections (Figure 6.1a) were obtained from 

young New Zealand White rabbits at different stages of maturation. One of the 

findings was that the thickness of the mineral plates differed between the 

longitudinal and radial sections. Previous studies have suggested the presence of 

at least two different types of mineral populations, with differing orientations and 

size [27,32,33]. This notion is supported by a more recent study by Grünewald et al. 

(2020), where SAXS and WAXS tensor tomography of human bone indicated 

two differently oriented mineral populations [73].  The initial hypothesis regarding 

the discrepancies in thickness between longitudinal and radial sections was that 

these apatite morphologies were visualised differently in the different sections. 

Upon further consideration, this hypothesis may need to be revised. For there to 

be differences in size between sections, one morphology would have to be more 

prevalent in one section than the other and vice versa. The fitting method used to 

calculate the thickness includes an assumption on size distribution [38]. Assuming 

that (1) the model is correct, so that the predicted thickness represents the 

thickness of the mineral plates, and that (2) the size distribution is reasonable, the 

model gives a thickness that is the actual average thickness. Both assumptions are 

backed up by the fit to the data and with results from other studies in literature. 

Hence, the data in study I indicates that thicker mineral plates were more 

prevalent in the longitudinal sections, whilst thinner mineral plates were more 

prevalent in the radial sections. However, as the specimens were obtained from 

the same cohort and all data were treated in the same way, there are no apparent 

reasons for the discrepancy. Further investigation would be warranted to 

elucidate the underlying cause.  

One limitation in study I was regarding the analysis of changes with tissue age. 

Osteonal structures were identified in specimens from the age of 1 month using 

light microscopy. However, the regions measured with SAXS could only be 

positively identified in one of the specimens in the oldest age group. In this 

specimen, five osteons were selected, and four radial profiles were obtained from 

each osteon. Since only a small number of osteons were investigated, the 

evolution of mineral plate thickness and organisation as a function of tissue age 

cannot be considered conclusive, only indicative.  
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The initial plan was to measure the specimens from study I with SANS. 

However, measurements at the D11 beamline at ILL, Grenoble, France [144] 

pointed to that the dimensions of the young rabbit were too small. Instead, study 

II was set up to compare SANS and SAXS measurements on bone specimens 

from mature animals with bones of larger dimensions. To elucidate the 

similarities between SANS and SAXS, specimens were obtained from different 

species and with different microstructural orientation. Comparison of the SANS 

and SAXS data revealed striking similarities between the datasets and the results 

from the study demonstrate that SANS yields the same structural information as 

SAXS. The slight discrepancies seen could be attributed to uncertainties in the 

background subtraction, as an over-subtraction in the SAXS data would explain 

the increase in difference at high 𝑞. 

During the SANS experiment, attempts were made to collect data using a Ø 0.5 

mm beam spot size. However, the intensity of the signal proved to be ~1 order of 

magnitude lower than when using a beam spot size of Ø 2 mm. Furthermore, 

comparing the scattering data acquired using the two different spot sizes showed 

no apparent differences in distinguished features. Hence, it was decided to use the 

larger spot size for the ultimate data collection for the study (Figure 6.1c). An 

attempt at contrast matching was also done and short (5 min) measurements were 

performed on one specimen immersed in 82% D2O:H2O (matched to the 

collagen) and on one specimen immersed in 39% D2O:H2O (matched to the 

mineral). Comparison of the data showed no differences in curve features but 

only differences in intensity that was assumed to come from non-uniform 

thickness of the specimens. Although no definitive conclusions can be drawn 

based on such short measurement times, the similarity of the scattering curves 

indicates that the amount of water in cortical bone is not enough for contrast 

matching to be successful. 

One limitation in study II was the differences in beam dimensions between the 

SANS and SAXS measurements. Although this was in part accounted for by 

scanning larger areas with SAXS and averaging the acquired scattering data, the 

measured volumes differed (3.14 mm3 and 1.35 mm3 for SANS and SAXS, 

respectively). However, the XRT data showed that the microstructure inside the 

measured volumes was homogeneous. Since the scattering signal is an average 

over all scattering structures in the measured volume, heterogeneity in the sample 

equates to smearing of the scattering data. As the volumes were relatively large, 

minor structural discrepancies should not have a noticeable effect on the resulting 

scattering data due to the averaging. Moreover, the resolution of the SANS and 

SAXS measurements differed, with that of SAXS being considerably higher than 

for SANS [142,144]. Nevertheless, as the polydispersity of the mineral platelets is 

relatively high [31], the shape of the scattering curves could be explained by the 

polydispersity rather than the wavelength distribution. In fact, the lower 

resolution of the SANS data further explains the differences in intensity seen 

around the collagen peaks and thereby indicated that even larger similarities 

between the two modalities could have been seen if the resolutions had been 
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more similar. Finally, the specimens were stored in ethanol and measured in air. 

This resulted in drying of the tissue. Drying and ethanol fixation of non-

mineralised tissue is known to affect the collagen [147,152]. However, changes due 

to dehydration on mineralised tissue are less prominent [43]. Since both SANS and 

SAXS measurements were carried out in the same fashion, the degree of 

dehydration and potential change to the collagen organisation should be the same 

for both. Furthermore, as the specimens were not dried prior to fixation in 

ethanol, and due to the solvent being 70%, enough water remained in the tissue 

for there to have been a possible contribution to the scattering pattern. 

 

Figure 6.1. SAS from cortical bone. a) In both study I and II perpendicular sections of 

cortical bone from the mid-diaphysis of long bones were used. b) Study I employed 

scanning SAXS to map regions of the specimens (left) at high-resolution. Due to the 

small beam spot size (5.5×4 µm2), the scattering maps (middle) achieved a pixel size of 

5×5 µm2, with each pixel corresponded to one 2D scattering pattern (right). c) Study II 

employed SANS and SAXS to compare the scattering signal between the modalities. 

Three positions with dimensions dictated by the SANS beam spot size (Ø 2 mm) were 

investigate on each specimen (left). For SANS, each position yielded one 2D scattering 

pattern (right). For SAXS, scans were done to map a region with similar size to that 

covered by the SANS measurement. 

 

 

Figure 6.2. Weight changes due to drying and rehydration of trabecular bovine bone 

plugs used in study IV. a) Weight difference compared to original weight during drying. 

b) Weight difference compared to original weight (before drying) during rehydration. 
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6.3 Tomographic imaging 

The initial plan for the thesis work included performing in-situ implant pull-out 

experiment during NT, to follow up earlier studies [23,24]. However, during an 

experiment at the NeXT-Grenoble beamline at ILL, France, the first images 

displayed insufficient visibility of internal structures due to the hydration state of 

the specimens. Hence, for study III the specimens were dried, and the focus was 

instead turned towards elucidating similarities and differences in what structures 

and material phases could be visualised with NT and XRT. Comparison of the 

modalities was in part performed by analysis of the joint histogram, joining the 

grey value distributions of both image sets. Most of the data analysis was carried 

out during a research stay at Laboratoire 3SR in Grenoble, France, where the 

research group developing the dual modality image registration algorithm 

employed to compare the NT and XRT datasets resides [151]. As this was the first 

application of the algorithm on bone samples, augmentation of the registration 

approach was done in collaboration with the 3SR researchers. However, further 

improvements could be made. The quality of the phase segmentation could 

possibly be enhanced by increasing the resolution of the joint histogram and 

phase map used for the registration. However, this would come with increased 

computational cost. For the registration of the full-size (not down-sampled) 

images used in the study (~1 GB per image volume), the computations needed to 

be performed on the Aurora cluster on LUNARC. Nevertheless, further 

exploration of the possibilities of joining NT and XRT data in this manner could 

result in a novel way of identifying tissues and their distribution in the specimens.  

Study IV was devised to address the issues with insufficient visibility of internal 

structures encountered in study II and in Le Cann et al. (2017) [24]. In Le Cann et 

al. (2017), a protocol was adopted to exchange H2O for D2O by soaking the 

specimens in D2O for 3 days prior to imaging, in an attempt at reducing the 

obscuring effects of the hydrogen. They experienced difficulties with one of their 

specimens and attributed it to over-hydration with D2O. However, it was 

subsequently suspected that there had not been sufficient exchange of H2O for 

D2O in that specimen. Therefore, the same exchange protocol was applied to the 

specimens in study III. When the first neutron images showed low visibility of 

internal structures, the hypothesis changed to that exchange by diffusion was not 

sufficient for exchange of H2O for D2O. Consequently, the new exchange 

protocol used in study IV was designed to remove H2O before replenishing the 

tissue with D2O. However, the conclusion in study IV was that the amount of free 

liquid in the specimen, regardless of hydrogen isotope, is what affects the 

visibility of structures. This poses some challenges. How can this free water be 

removed? Drying works to this objective. However, the effects on the mechanical 

properties remain to be fully elucidated. Drying of bone has been shown to 

increase stiffness and brittleness [137–140,153]. Yet, the compression tests of the 

trabecular bovine bone plugs in study IV provided results that contradict this. No 

changes to the mechanical properties due to neither drying nor rehydration were 
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seen in the study. From the analysis of the grey value distributions in the NT 

images of the bone plugs, it was seen that there was reduced contrast between 

bone and marrow after drying, as compared to in the groups that were soaked or 

rehydrated in salinated D2O. This shows that the duration used for the drying (3 

h) yields adequate extraction of H2O for there to be an impact on how neutrons 

interact with the tissue. Drying of an additional 10 trabecular bone plugs for 15 h, 

weighing every 3 h, showed that most water content was indeed lost during the 

first 3 h (Figure 6.2a), with weights of the specimens decreasing with 9.7% ± 

1.7% in that timeframe. The duration for rehydration (and soaking in the control 

group) was chosen to match the exchange protocol used in Le Cann et al. (2017) 
[24]. Furthermore, full rehydration was expected to have occurred after 3 h [139]. 

However, the bone plugs were found to have a lower weight after 48 h of 

rehydration than in their original state. Rehydration of the 10 additional bone 

plugs used to evaluate the weight loss during drying showed that 48.9% ± 9.9% 

of the lost weight was regained after 3 h and 81.9% ± 5.3% after 48 h (Figure 

6.2b). The experiment also showed that almost all weight changes were reversed 

by rehydrating for another 50 h. However, as no differences in mechanical 

properties were observed between the soaked and rehydrated groups, prolonging 

the rehydration duration appears unnecessary. For the rat tibiae, it was seen that 

rehydration for > 40 h did not fully bring the specimens back to their original 

weight, yet still caused free water to accumulate in the intramedullary canal. The 

sectioning of the rat tibiae left the intramedullary canal exposed and made 

infiltration of liquid easier. Sectioning of the specimens has so far been required 

due to the experimental setups for implant pull-out, where the tibiae have been 

placed with the long axis parallel with the horizontal plane. As the distance 

between a sample and the detector should be minimised to reduce image blur, 

sectioning has been necessary. One could imagine a different setup where the 

tibiae were mounted vertically, as in the tomographic studies presented in this 

thesis. This would remove the requirement of sectioning as the distal parts could 

simply be placed outside of the FOV. However, although such a setup is feasible 

design-wise, it would likely come at the cost of increased sample-detector 

distance, as the implant should be at the centre of the rotational axis for optimal 

depicture in the images. Assuming sectioning is necessary, closing the opening to 

the intramedullary canal using some sort of plugging material after drying the 

specimen could be an option for stopping liquid from entering. Another option 

would be to device a method for removing the liquid, e.g., by suction. It is 

difficult to know how successful such a method would be, as much of the 

intramedullary canal could be filled with peri-implant bone that would 

complicate access. Nevertheless, if such a solution could be realised, it would 

make it so that drying of the specimens would not be necessary, as any interstitial 

fluid would be removable mechanically.  
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6.4 Future perspectives  

Two different techniques, namely SAS and tomography, were employed for 

structural characterisation of bone tissue in this thesis, with focus on evaluating 

the possibilities of using neutrons in each technique. Based on the conclusions 

drawn herein, the future perspectives of the applicability of neutrons in the two 

techniques vary.  

SAXS is a powerful tool for investigating bone nanostructure and is already 

widely used. As shown in this thesis, SANS does not yield any apparent 

additional information about bone nanostructure for the kind of bone samples 

investigated here as they, effectively, contain only two scattering components – 

collagen and mineral. Although SANS provides equivalent scattering patterns to 

SAXS, the lower resolution and longer measurements times make SANS less 

suitable for studying cortical bone nanostructure. However, its place in 

musculoskeletal tissue research overall is not yet fully elucidated as it might be 

beneficial for studying other hard or soft tissues. 

Neutrons for microstructural characterisation through tomography is a promising 

complement to x-rays. As shown in study III and in Guillaume et al. (2021) [25], 

the interaction between neutrons and soft skeletal tissues creates good contrast 

against other material phases. Soft tissue distribution is, e.g., an indicator for 

bone remodelling during bone-implant integration [99]. In Raina et al. (2019) [99], 

soft tissue was visualised by means of histology. This is a common way of 

distinguishing between soft and hard skeletal tissues as different stains can bring 

out different tissue types [99,154]. However, histology is an inherently destructive 

technique that yields only 2D maps of tissue distribution. NT brings the added 

value compared to XRT and histology of not only enabling visualisation of bone 

tissue but also bone marrow and other soft skeletal tissues in 3D. Other imaging 

techniques exist that can be used to the same end. Dual energy computed 

tomography (DECT) is an x-ray based technique used clinically to visualise soft 

musculoskeletal tissues [155,156]. DECT has also been used in research of, e.g., 

concrete and stained mouse organs [157,158], and improved instrumentation is 

bringing the spatial resolution down to a few micrometres [159]. Comparing the 

capabilities of NT and DECT for soft tissue differentiation could be a next step in 

evaluating the capabilities of NT.  

Both spatial and temporal resolution in NT are limited in comparison to XRT. 

Technological advances regarding, e.g., detector systems aid in improving both. 

Still, flux remains as the main limiting factor. When the ESS comes online, this 

limit will be pushed and the applicability of NT will improve. However, NT 

acquisition times are currently down to the second range [58], and resolution is 

approaching 4 µm [84,85]. The improved speed is especially exciting as it allows 

for in-situ mechanical tests at a physiologically more relevant speed than has 

previously been possible [24]. Still, the issue with limited visibility due to over-

hydration needs to be addressed before in-situ mechanical testing can commence.  
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7. Summary and conclusions 

The overall aim of this thesis was to investigate the possibilities of using neutron 

scattering techniques as a complement or alternative to x-rays for studying bone 

tissue structure on different length scales. Small-angle scattering for 

nanostructural characterisation and tomography for microstructural 

characterisation were chosen for comparison between modalities. Situations and 

conditions where neutrons could be preferable to x-rays were identified by 

comparing pros and cons of the respective techniques. 

Below, the main conclusions of each study (I-IV) are summarised. 

I. The mineral plates in bone grow in thickness and become more 

organised during maturation and growth. Cortical bone sections from 

New Zealand White rabbits at different stages of maturation were 

scanned with SAXS and curve fitting was used to obtain nanostructural 

parameters from the scattering data. The resulting maps of scattering 

parameters showed that the thickness of the mineral plates increase, and 

their alignment becomes more homogeneous with age. 

II. SANS and SAXS from cortical bone show highly similar scattering 

patterns. Cortical bone sections from different species were investigated 

with SANS and SAXS. Comparison of the scattering data revealed 

effectively identical scattering patterns. This strongly points to that bone, 

at the nanoscale, can be seen as a biphasic material in the analysis of 

scattering data for structural characterisation, with effective contrast 

between the organic collagen matrix and the inorganic mineral plates. 

III. NT and XRT are highly complementary modalities for visualising bone 

microstructure. Proximal rat tibiae with titanium implants were imaged 

with NT and XRT and distinguishability of the microstructure was 

compared between modalities. Visualisation of bone tissue was similar 

for the modalities, but NT has the added value of circumventing metal 

image artefacts and the benefit of highlighting soft tissue.  

IV. Visibility of microstructures in NT images is affected by the hydration 

levels of the tissue. NT images were acquired of bone specimens at 

different hydration states and visibility of internal structures was 

assessed. The analysis showed that presence of free water inside the 

specimens caused detrimentally reduced contrast between bone and 

surrounding structures. 
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