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Abstract 

This study aimed to improve the in vivo diagnosis of osteoporosis using MRI. Despite 
the largely recognized burden of osteoporosis, an accurate diagnostic tool is still lacking 
and bone microarchitecture features are not taking into consideration although playing 
an important role in bone structural resistance. 

In this study, it has been first evaluated the MRI ability to assess bone morphology and 
follow up the therapy delivery on in vivo patients. Then comparing MRI and µCT on 
cadaveric proximal femurs it has been evaluated the minimum pixel size to assess the 
bone trabeculae. Moreover, by comparing the bone morphological parameters obtained 
from MRI with different field strengths (3T vs. 7T) and pulse sequences (GRE vs. TSE) an 
optimized approach has been presented and validated. The macroscale investigation 
based on clinical BMD and bone morphology using fracture test as reference have 
showed that bone morphology provided additional information to the bone health state 
and fracture risk assessment showing that osteoporosis deteriorates the trabecular 
architecture.  

The changes due to osteoporosis and lower investigative scales (micro-, nano- and 
molecular) have been questioned using a multimodal approach. The results showed that 
the femoral neck resulted the proximal femur subregion more affected by osteoporosis 
and hence at in general higher risk fragility fracture compared to both femoral head and 
great trochanter. Moreover, while no stoichiometric changes in the hydroxyapatite (HA) 
chemical composition can be associated to mineral maturation, anatomical site or 
osteoporosis, differences in the HA crystal could be associated to the local order and 
microarchitecture. 

 
Keywords : MRI, µCT, bone morphology, bone microarchitecture, osteoporosis, 

Hydroxyapatite, fragility fracture risk 
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Résumé 

Cette étude visait à améliorer le diagnostic in vivo de l'ostéoporose par IRM. Malgré 
le fardeau largement reconnu de l'ostéoporose, un outil de diagnostic précis fait toujours 
défaut et les caractéristiques de la microarchitecture osseuse ne sont pas prises en compte 
bien qu'elles jouent un rôle important dans la résistance structurelle des os. 

Dans cette étude, d'abord a été évalué la capacité de l'IRM à estimer la morphologie 
osseuse et à suivre l'administration de la thérapie sur des patients in vivo. Ensuite, en 
comparant l'IRM et le µCT sur des fémurs proximaux cadavériques, il a été évalué la taille 
de pixel minimale pour évaluer les travées osseuses. En comparant les paramètres 
morphologiques des os obtenus par IRM avec différentes intensités de champ (3T vs 7T) 
et séquences d'impulsions (GRE vs TSE), une approche optimisée a été présentée et 
validée. L'enquête à grande échelle basée sur la DMO clinique et la morphologie osseuse 
utilisant le test de fracture comme référence a montré que la morphologie osseuse 
fournissait des informations supplémentaires sur l'état de santé des os et l'évaluation du 
risque de fracture montrant que l'ostéoporose détériore l'architecture trabéculaire. 

Les changements dus à l'ostéoporose et aux échelles d'investigation inférieures (micro-
, nano- et moléculaire) ont été interrogés en utilisant une approche multimodale. Les 
résultats ont montré que le col fémoral entraînait la sous-région proximale du fémur plus 
touchée par l'ostéoporose et donc, en général, à risque plus élevé de fracture de fragilité 
par rapport à la tête fémorale et au grand trochanter. Toutefois, aucun changement 
stoechiométrique dans la composition chimique de l'hydroxyapatite (HA) ne puisse être 
associé à la maturation minérale, au site anatomique ou à l'ostéoporose, des différences 
dans le cristal de HA pourraient être associées à l'ordre local et à la microarchitecture. 

 
Mots clés : IRM, µCT, morphologie osseuse, microarchitecture osseuse, ostéoporose, 

Hydroxyapatite, risque de fracture de fragilité 



 

 
7 

 

Acknowledgement 

Firstly, I would like to thanks my Chefs, Martine, Jerome et David. From the very 
beginning you have believed in me and have given me the possibility to prove my worth 
to others and most importantly to myself. I would like you to know that these past years 
working together, shoulder to shoulder, have made me grow both as a researcher and as 
a person. I am really glad with the relationship we have established from the very 
beginning and which, over time, has only improved and strengthened. Every meeting, 
exchange of opinion and chat, scientific or not, was extremely precious to me and I hope 
I was able to absorb as much as possible because, to me, you all represent inspiring 
models. 

A special thanks goes to my non-Academic partner AP-HM and particularly to 
Sandrine for the support and the kindness, hopefully it is the beginning of a strong 
relationship. Moreover, I would thank the European Union’s Horizon 2020 research and 
innovation programme, the Regional Council of Provence- Alpes-Côte d’Azur, 
A*MIDEX, and all the people involved in project organization and funding 
administration that have made this experience possible.  

Then, I would like to thank all the colleagues met during these years that, even though 
I wasn’t always there, they always made me feel part of a group, and most importantly, 
a friend. Coming to work, knowing that you were there, has been beautiful and has never 
been that easy. I will remember you all with great affection. 

I would also like to thank my lifetime friends, you know who you are with no need of 
citation. You always have been there and made me feel as I never left home. Every time I 
was back, you did not lose any occasion to organize a dinner, an apero, to stop by the 
house just for a quick greeting, to send a message for knowing how I was doing or to 
have come to visit me in Marseille. You were, and always will be, very precious, and I 
hope we will have more time to be together in the next years. 

A special thanks goes to my special, extremely international, group of “Marseilleise” 
friends, and in particular to Annalisa, Luis, Emily, Farah and Natalie, that have made 
these “French” years we had together an unique experience! Our soirées RACLETTE-VIN 
were unforgivable and without you they will never be the same in the future. I would 
like you to know that even though we won’t be able to see each other as frequently as it 
has been (not that it was that frequently, but this was my bad) during these years, you 
will always have an Italian fiend to get in contact with at any occasion. It will be a great 



 

 
8 

 

pleasure to remember all the old good times and to create new memories, which for sure 
will be memorable and will remain unforgettable.  

I would also like to thank my grandparents and my aunt for all the Sundays lunch we 
had together and for all those where you have videocalled me to made me feel at home 
with you. Thank you also to remember me who I am, where I came from and why I was 
doing what I was doing. A special thought goes to my grandfather Walther, for sure you 
would have climbed mountains, got across after storm rivers and even closed the “Fil-
Mec” to come and share with me this happy and festive day, but that unfortunately you 
have to enjoy it, let’s say, online on the network. Be sure that if I made it to this new 
beginning point it is also thank to both you and Donatella. 

I would like to thank also my Ville di Montecoronaro enlarged, basically in-law, family 
for all the time spent together these years, which was not much but invaluable. I hope we 
will share more of it in the next future. 

It is not easy to thank my own Family mostly because there are too many things to be 
grateful for. You have always been there to support any decision I made, first listening, 
then advising, sometimes shouting (as we like to discuss family business) but always 
pushing me to do my best and to improve myself. If I made it until here, I do what I do 
and I am who I am, it’s thank to you. Grazie. 

Last but not least, Elisa. You endured these years where we have been further apart 
while we would have wanted the exact contrary. You supported my decision to go to 
Marseille and experience, as you would playfully call it, a sort of ERASMUS+++ (where 
last two pluses are due to the fact that it has been way too long). You planned all the 
holidays we had (that a travel planning scansate proprio), even making the almost only 
destination I chose (Romania) an unforgettable experience. You even acknowledged 
yourself and made me acknowledge you to have made me fashionable (as much as you 
could and with the raw material you got at least, which has not been easy according to 
you). However, what I really want to acknowledge you about is that you made Home the 
place where You are. Ti Amo. 
  



 

 
9 

 

Index 

Affidavit ...................................................................................................................................... 2 
Liste de publications et participation aux conférences ..................................................... 3 
Abstract ....................................................................................................................................... 5 
Résumé ........................................................................................................................................ 6 
Acknowledgement .................................................................................................................... 7 
IndexIntroduction ..................................................................................................................... 9 
Introduction ............................................................................................................................... 13 

Aim of the Thesis ......................................................................................................... 14 
Manuscript Structure................................................................................................... 17 

Chapter 1: State of the Art ....................................................................................................... 19 
Part I : Bone Function and Multiscale Structure ............................................................ 21 
Part II : Survey of MRI Usefulness for the Clinical Assessment of Bone 

Microstructure (published article) ............................................................................... 31 
1. Introduction ...................................................................................................................... 33 

1.1. Bone Disorders and Investigative Tools................................................................. 33 
1.2. Bone Microstructure .................................................................................................. 34 

2. Bone Pathologies and Clinical Approach ................................................................... 35 
2.1. Principal Bone Pathologies ....................................................................................... 35 
2.2. Clinical Approach ...................................................................................................... 38 

3. MRI Based Approach ...................................................................................................... 39 
3.1. Technical Considerations for Clinical Usefulness ................................................ 40 
3.2. Microstructure Investigation ................................................................................... 42 
3.3. Microstructure vs. DXA ............................................................................................ 44 
3.4. Voxel Size and Microstructure ................................................................................ 44 
3.5. Main Magnetic Field Strength Effect ...................................................................... 46 
3.6. Comparison with CT Measurements ...................................................................... 47 
3.7. Reported Limitations ................................................................................................ 50 

4. Prospectives ...................................................................................................................... 52 
4.1. Magnetic Resonance Spectroscopy vs. Chemical Shift Encoding-MRI ............. 52 
4.2. MR Susceptibility ....................................................................................................... 54 
4.3. Solid State MRI ........................................................................................................... 56 

5. Conclusion ........................................................................................................................ 59 



 

 
10 

 

Conclusion of the Chapter .................................................................................................. 61 
Chapter 2: Assessment of In Vivo Bone Microarchitecture Changes in an anti-TNFα 

Treated Psoriatic Arthritic Patient (published article) .................................................. 65 
1. Introduction ...................................................................................................................... 67 
2. Materials and Methods ................................................................................................... 68 

2.1. Subject Recruitment ................................................................................................... 68 
2.2. Imaging Techniques .................................................................................................. 69 
2.3. PET-MRI fusion and Analysis ................................................................................. 69 

3. Results................................................................................................................................ 73 
3.1. PET-FNa ...................................................................................................................... 73 
3.2. MRI Microarchitecture .............................................................................................. 74 

4. Discussion ......................................................................................................................... 77 
5. Conclusion ........................................................................................................................ 79 
Conclusion of the Chapter .................................................................................................. 81 

Chapter 3: Materials and Methods ........................................................................................ 83 
1. Sample Collection and Preparation ............................................................................. 85 
2. Multiscale and Multimodal Bone Characterization Experimental Techniques .. 89 

2.1. Macroscale .................................................................................................................. 90 
2.1.1. High Resolution Magnetic Resonance Imaging ........................................... 90 
2.1.2. X-ray micro Computed Tomography ............................................................ 92 
2.1.3. Biomechanical Tests ......................................................................................... 93 

2.2. Microscale ................................................................................................................... 95 
2.2.1. Synchrotron Radiation X-ray micro Computed Tomography................... 95 
2.2.2. Microindentation .............................................................................................. 97 

2.3. Nano- and Molecular Scale ...................................................................................... 99 
2.3.1. X-ray Absorption Spectroscopy ..................................................................... 99 
2.3.2. Infrared Spectroscopy .................................................................................... 107 

3. Image Processing and Analysis .................................................................................. 109 
Conclusion of the Chapter ................................................................................................ 119 

Chapter 4: Assessment of Bone Microarchitecture in Fresh Cadaveric Human Femurs : 
What could be the Clinical Relevance of Ultra-High Field MRI ? (submitted article) 
 ................................................................................................................................................ 121 
1. Introduction .................................................................................................................... 123 
2. Sample Preparation ....................................................................................................... 125 

2.1. Materials and Methods ........................................................................................... 125 
2.2. Results and Discussion ........................................................................................... 127 

3. MRI Microstructure Quantification ........................................................................... 129 
3.1. Materials and Methods ........................................................................................... 129 



 

 
11 

 

3.2. Results and Discussion ........................................................................................... 132 
4. Reproducibility Analysis ............................................................................................. 136 

4.1. Materials and Methods ........................................................................................... 136 
4.2. Results and Discussion ........................................................................................... 136 

4.2.1. Sample preparation ........................................................................................ 136 
4.2.2. Bone Morphology Quantification ................................................................ 136 
4.2.3. Resolution Effect ............................................................................................. 138 

5. Correlation between DXA-BMD and MRI Morphology ....................................... 139 
6. Conclusion ...................................................................................................................... 141 
Conclusion of the Chapter ................................................................................................ 143 

Chapter 5: Validation and Optimization of Proximal Femurs Microstructure Analysis 
Using High Field and Ultra-High Field MRI (published article) ............................. 147 
1. Introduction .................................................................................................................... 149 
2. Materials and Methods ................................................................................................. 151 

2.1. Sample Preparation ................................................................................................. 151 
2.2. Imaging ..................................................................................................................... 152 
2.3. Image Analysis ......................................................................................................... 153 
2.4. Mechanical Testing .................................................................................................. 158 

3. Results.............................................................................................................................. 159 
3.1. Registration Quality ................................................................................................ 159 
3.2. Selection of the Optimal MRI Sequence ............................................................... 160 
3.3. Correlation between DXA-BMD and Microarchitecture ................................... 163 
3.4. Correlation between DXA-BMD and both μCT- and MR- Derived BMD ...... 165 
3.5. Correlation between Failure Load and Bone Morphology ................................ 167 

4. Discussion ....................................................................................................................... 168 
5. Conclusion ...................................................................................................................... 172 
Conclusion of the Chapter ................................................................................................ 173 

Chapter 6: Multiscale Femoral Neck Imaging and Multimodal Trabeculae Quality 
Characterization of one Osteoporotic and Aged-Matched Healthy Subject (draft 
article) ................................................................................................................................... 175 
1. Introduction .................................................................................................................... 177 
2. Materials and Methods ................................................................................................. 180 

2.1. Sample Collection and Preparation ...................................................................... 180 
2.2. X-ray Microtomography ......................................................................................... 181 
2.3. Microindentation ..................................................................................................... 185 
2.4. Infra-Red Fourier Transform ................................................................................. 186 
2.5. Statistical Analysis ................................................................................................... 187 

3. Results.............................................................................................................................. 188 



 

 
12 

 

3.1. Multiscale Bone Morphology ................................................................................. 188 
3.2. Trabeculae Mechanical Properties ........................................................................ 194 
3.3. ATR-FTIR Results .................................................................................................... 196 

4. Discussion ....................................................................................................................... 198 
5. Conclusion ...................................................................................................................... 204 
Conclusion of the Chapter ................................................................................................ 205 

Chapter 7 : Fracture Risk Assessment in the Proximal Femur Based on Bone 
Microarchitecture and Hydroxyapatite Crystallinity Investigation: a Multimodal 
and Multiscale Approach (draft article) ......................................................................... 209 
1. Introduction .................................................................................................................... 211 
2. Materials and Methods ................................................................................................. 213 

2.1. Sample Collection .................................................................................................... 213 
2.2. Biomechanical Fracture Tests ................................................................................ 215 
2.3. µCT Imaging and Analysis .................................................................................... 215 
2.4. X-ray Absorption Spectroscopy ............................................................................. 216 
2.5. Statistical Analysis ................................................................................................... 218 

3. Results.............................................................................................................................. 218 
3.1. Biomechanical Fracture Tests ................................................................................ 218 
3.2. Bone Morphology .................................................................................................... 219 
3.3. Calcium K-edge Spectroscopy ............................................................................... 222 
3.4. Bone Fracture Predictivity Risk Assessment ....................................................... 226 

4. Discussion ....................................................................................................................... 235 
5. Conclusion ...................................................................................................................... 238 

General Conclusion ................................................................................................................ 239 
Long Résumé de Thèse .......................................................................................................... 243 
List of Figures .......................................................................................................................... 261 
List of Tables ............................................................................................................................ 271 
Bibliography ............................................................................................................................ 273 

 
 
 



Introduction 

 
13 

 

Introduction   

Bones have multiple fundamental functions in humans, it is possible to separate 
between 3 types of functions: (i) mechanical, bones provide protection to inner organs, 
locomotive allowing the movement but also sensorial transmitting the sound and 
supportive of all soft tissues; (ii) hemopoietic, synthesizing the white blood cells; and (iii) 
metabolic, they consists in a stock of minerals, lipids and growth factors, they are able to 
detoxify the body from many heavy metals and their endocrine secretion, among others, 
is responsible to regulate the phosphorous secretion and through osteocalcin, to lower 
blood sugar. Bone is a tissue that continuously absorb and replace itself maintaining the 
homeostasis, which allow the tissue to resist also to all the external forces to which it is 
subjected in daily life of all humans. Changes in the bone resistance may lead to an 
increased susceptibility to fractures mainly accounted by a reduced bone strength and 
quality. While both determinants are tightly linked to several parameters related to bone 
geometry, macroarchitecture, microarchitecture, microlesions, bone mineralization and 
bone remodeling, many bone diseases, i.e. osteoporosis, are currently diagnosed on the 
basis of the single measurement of bone mineral density (BMD). BMD is considered as 
an index of bone mass loss and on that basis as a predictor of osteoporotic fracture. 
However, the limitations of BMD measurements have been clearly acknowledged given 
that a significant percentage of osteoporotic fractures are occurring in patients with 
normal BMD. Bone is in fact a porous material and it has been largely acknowledged that 
BMD cannot take into account other morphometric parameters which are critical for the 
bone mechanical behavior. BMD neither takes into account bone porosity nor 
distribution, shape and organization of bone pores. Accordingly, the scientific 
community is still lacking a reliable and sensitive diagnostic method of bone quality 
which should be ideally based on bone resistance measurements in vivo. 

Magnetic Resonance Imaging (MRI) has been used over the last decades as a non-
invasive tool of choice for the diagnosis of a large number of disorders and it is able to 
provide highly contrasted and highly resolved images which offer qualitative and 
functional information. Recent technological developments have made possible a further 
improvement of image resolution with the use of ultra-high magnetic field (7T). Images 
with a resolution of 150 μm are now obtainable within a reasonable time (10 minutes). 
Such a resolution has opened up new opportunities to investigate bone microarchitecture 
and to assess in vivo the trabecular bone density. Although of interest, this index (BMD) 
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and the corresponding indices related to trabecular thickness and trabecular density have 
never been submitted to a robust comparative analysis with in vivo measurements of 
bone resistance. Such a comparative analysis should provide an unquestionable basis 
supporting the potential of ultra-high field MRI in the field of bone quality. If these 
microarchitecture indices assessed using a non-invasive technique are proved to be 
related to bone resistance, they could be used in addition to BMD, as sensitive diagnostic 
indices and to assay the efficiency of therapeutic strategies. 

Moreover, bone quality not only depends on the density and the morphology of its 
solid phase but also from other factors as the bone mineralization. Therefore, a multiscale 
and multimodal investigation of the osteoporosis effect on bones is of great interest 
knowing that a deeper understanding of the mechanism of this disease, that causes 
fragility fractures in 1 of 3 women and 1 of 5 men aged 50 years or older and is highly 
debilitating, could open the possibility to perform early diagnosis and to begin new 
therapeutic trials.  

Overall, there is a need to design new imaging approaches of bone resistance which 
could be complementary to BMD. These approaches should provide key information 
regarding the mechanical behavior and remodeling of bones thereby improving the 
reliability and sensitivity of diagnostic procedures, the risk stratification and follow-up 
of therapeutic strategy. 

 

Aim of the Thesis 
The general aim of our study was to improve the in vivo diagnosis of osteoporosis 

using MRI. Osteoporosis is a systemic bone disease characterized by reduced bone 
resistance and increased occurrence of fragility fractures. Osteoporosis is currently 
diagnosed using dual X-energy absorptiometry which provide information of the bone 
density while to increase the diagnostic tool accuracy the bone microarchitecture could 
be added since the bone inner structure plays an important role in the structural 
resistance. Bone microarchitecture could be assessed in vivo using both X-ray computed 
tomography and MRI which is recognized as totally non-invasive. In this study, A 
multimodal and multiscale analysis have been performed focused only in the bone 
quality of the proximal femur, which represent an important osteoporotic site, one of the 
most invalidating, and a deep anatomical site not easily assessable using neither CT nor 
MRI due to its position, far from the skin surface. However, the UHF MRI could provide 
image resolution in the same range of bone trabeculae also in these deep anatomical site, 
which instead remain not assessable using high resolution CT techniques, i.e. high 
resolution peripheral quantitative computed tomography (HRpQCT). 
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This multimodal and multiscale approach included i) μCT scanning of cadaveric 
proximal femurs which intends to provide the ground truth inner trabecular architecture, 
ii) MRI scanning of the same specimens at 3T and 7T for comparative purposes and iii) 
biomechanical destructive tests. Additional scanning methods such as synchrotron X-ray 
tomography, X-ray absorptiometry spectroscopy, Fourier transform infrared and 
microindentation were used in smaller specimens and so in order to assess the 
mechanical properties of trabeculae, osteocyte’s lacunae network and the hydroxyapatite 
crystal composition and structure. In Figure I.1 it is presented the overview and the 
timeline of this thesis project. In particular, it is reported the sample collection, the 
timeline of submission and acceptance/rejection of synchrotron proposals to perform 
further examination at bone micro and molecular scale. Finally, Fig I.1 reports all the 
experimentation techniques, their investigation scale and the Chapter of the thesis where 
their corresponding results will be presented and discussed. 

The first aim of the thesis was to investigate the possibility to assess proximal femur 
microarchitecture using MR technology and to increase the osteoporosis diagnostic 
accuracy using information derived from the bone inner morphology.  

The second aim was to investigate differences in the bone quality at the nano and 
molecular scale to evaluate at which level osteoporosis starts its deterioration activity, 
therefore providing direct implications in pre-clinical research, therapeutic strategy, and 
eventually clinical practice. 

In order to study the bone at different scales, several investigative techniques have 
been applied. The macroscale have been investigated applying imaging modalities and 
biomechanical techniques using instruments at disposal in our laboratories. The smaller 
scales have been investigated using both in-house instruments or devices from other 
laboratories after the establishment of a collaborative regime based on mutual interests, 
and techniques at disposal in synchrotron facilities (X-ray absorption spectroscopy and 
synchrotron micro computed tomography). However, if the collaboration with different 
laboratories has been created based on mutual interests and hence immediate, to access 
synchrotron facilities it is necessary that the submitted proposal is accepted and a 
beamtime allocated. Therefore, from proposal submission to acceptance are usually 
required between 3 to 4 months and between 5 to 7 months before beamtime. These 
delays require a meticulous planning of the experiments and the timeline in Figure I.1 is 
necessary to understand the motif applied to perform the essays. 
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Figure I. 1: overview and timeline of the sample collection and acquisition performed. “MRI” 

refers to magnetic resonance imaging, “µCT” refers to industrial X-ray computed tomography, 
“SRµCT” refers to synchrotron radiation X-ray computed tomography, “XAS” refers to X-ray 
absorption spectroscopy, “FTIR” refers to Fourier transform infrared, “GT” refers to great 
trochanter, “FN” refers to femoral neck and “FH” refers to femoral head. 
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Manuscript Structure  
This thesis manuscript aim to characterize the bone quality using a multiscale and 

multimodal approach, moreover showing differences both in vivo, between patients 
affected by bone disorders and controls, and ex vivo using healthy and osteoporotic 
cadaveric samples. However, the collection of cadaveric samples is extremely 
complicated due to both ethical regulation and effective lack of human bodies donated to 
research, therefore during this thesis project it has been tried to optimize the samples in 
our possession by a multimodal and multiscale systematic characterization.  

 
The manuscript is organized as follows: 
Chapter 1 presents a survey of the literature, showing the most important bone 

disorders and investigative tools. Moreover, it depicts the conventional clinical approach 
and the applicability of an approach based on MRI. Finally, it describes the upcoming 
MRI applications, which could provide additional biomarkers for the bone quality 
assessment. 

Chapter 2 presents an in vivo study of knee microarchitecture assessment of a patient 
affected by psoriatic arthritis. This study shows a direct application of Ultra-High Field 
MRI to quantify bone microarchitecture anomalies in patient compared to controls, 
moreover presenting a reliable assessment of the bone quality, illness risk stratification 
and for the follow-up of therapeutic strategies. 

Chapter 3, dedicated to the materials and methods, presents the sample database 
collected during the thesis and the their preparation protocol depending on the 
experimental characterization techniques used. In addition, all the multiscale and 
multimodal bone characterization experimental techniques have been presented. 

Chapter 4 presents an ex vivo study on the clinical relevance of UHF MRI by assessing 
the bone microarchitecture in cadaveric proximal femurs. First, it depicts the sample 
preparation protocol for large cadaveric femurs to reduce artefacts due to magnetic 
susceptibility effects, then it shows the bone morphology quantification techniques and 
the effect of the resolution on the morphological analysis. Finally, correlations between 
clinical standard bone mineral density measurements and bone morphology are 
presented. 

Chapter 5 presents an ex vivo study aim to optimize the proximal femurs 
microarchitecture analysis from MRI acquisitions. The microarchitecture parameters of 
the same proximal femurs acquired using different imaging techniques µCT and MRI 3T 
and 7T have and sequences gradient re-called echo and turbo spin echo have been 
compared. Moreover, it presents the correlation between clinical standard BMD to bone 
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morphology and to BMD derived from image analysis and the correlation between bone 
morphology and bone failure load derived from biomechanical fracture test. 

Chapter 6 presents a multiscale and multimodal analysis of two femurs neck, one 
osteoporotic and one control. It depicts the bone quality from the macroscale (µCT at 51 
µm3 and 5 µm3) to the microscale (X-ray synchrotron µCT at 0.9 µm3 and 
microindentation) and to the molecular scale (Fourier Transform Infra-Red). Morphology 
at macroscale, changes in the osteocytes lacunae morphology and distribution have been 
investigated and variations in the trabecular mechanical properties and in the 
hydroxyapatite types, collagen fibrils and proteins have been assessed. 

Chapter 7 presents the investigation of the hydroxyapatite molecular changes due to 
osteoporosis. Using X-ray absorption spectroscopy the Calcium K-edge has been 
investigated in 15 samples from 5 different patients (3 osteoporotic women and 2 controls, 
1 female  and 1 male). Differences in both Calcium and Phosphorous ratio and 
hydroxyapatite crystallinity order have been assessed as for their relevance in the 
osteoporotic/control classification. 

Finally, a general conclusion is presented as for an opening to new perspectives. In 
addition, an overall conclusion chapter by chapter is also presented in French at the end 
of the manuscript. 
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Part I : Bone Function and Multiscale 
Structure 

Bone is a mineralized tissue that solves multiple functions including mechanical, 
metabolic, and hematopoietic. Bone mechanical properties involve resist to mechanical 
load, provide support to soft tissues, protect the vital internal organs, permit the 
movement providing insertional points for the skeletal muscles and store the bone 
marrow. Among the multiple metabolic functions, the most important are the ability of 
storing minerals, in particular calcium with the aim to control the metabolic balance 
(homeostasis). Calcium is fundamental for the regulation of the muscular and nerve 
activity and for the blood coagulation maintaining the calcium concentration constant. 
Moreover, it provides detoxification from heavy metals and other extraneous elements 
removing them from the bloodstream (S. C. Cowin 1999). 

During life, the bone is in constant mutation, called bone remodeling. The bone 
remodeling is the result of an antagonistic process of formation and resorption of the 
mineral tissue aiming to maintain the integrity of the skeleton. The integrity of a healthy 
skeleton depends on the interactive process of three cells: osteoblast (bone forming cells), 
osteoclast (bone absorptive cells) and osteocytes (able to measure the bone solicitation 
state, inhibiting or encouraging the bone formation or absorption). 

 
Bone is a multiphase material composed of a solid phase and a viscoelastic component 

(Fig. 1.1). The solid phase is considered as hierarchical, anisotropic, and heterogeneous 
and is composed of 65% of inorganic matrix (mostly calcium hydroxyapatite crystals) and 
35% of organic matrix (type I collagen, proteoglycans, and bound water) (X. Wang et al. 
2010). While the inorganic matrix is characterized by a high rigidity, a high resistivity, 
and an elastic behavior, the organic matrix is deformable thereby providing the tissue 
with tensile strength. Due to the combination of these two materials, bone tissue is 
simultaneously deformable and rigid (Fratzl and Gupta 2007). The solid phase creates a 
shell for the bone marrow, which is the viscoelastic component. The bone marrow on the 
other hand has a double function. It provides nutriments to the solid phase allowing 
higher regenerative rate and is able, due to its viscoelastic properties, to spread the 
dynamics of an impulsive action, reducing the risk of fractures due to impacts (Nyman 
et al. 2006a). Bone tissue is composed of both trabecular and cortical bone phases. Cortical 
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bone covers the whole surface of the bone. It is compact, dense, and characterized by 
overlapped and parallel lamellae, which provide a large resistivity (X. Wang et al. 2010). 
Trabecular bone is the inner compartment of bone tissue. It is composed of 25% of bone 
and 75% of marrow (S. C. Cowin 1999). At the microstructural level, trabecular bone 
appears as a complex 3D network of interconnected trabeculae rods and plates 
responsible for tissue resistance to loading forces. The bone inner architecture is an 
important contributor to bone strength independent of bone mass (X. Wang et al. 2010). 
It is characterized by a high porosity so that trabecular bone is lighter and less dense than 
cortical bone. In fact, cortical bone mainly works in compression while trabecular bone 
principally works in flexion and torsion reaching a higher area under the stress–strain 
curve (S. C. Cowin 1999). 

Bone is actually a dynamic porous structure and its porosity can change as a result of 
pathological processes but also as an adaptive response to mechanical or physiological 
stimuli. This change in both cortical and trabecular bone porosity can strongly affect the 
corresponding mechanical properties (S. C. Cowin 1999). 

 

 
Figure 1. 1: Bone Structure. 

The complexity of bone properties finds its origin from its structure (Fig. 1.2). The 
hierarchical structure of the bone requires an interpretation of the structural behavior at 
different levels. Therefore, to fully understand bone mechanical properties it is important 
to understand the properties of its different component phases and their structural 
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relationship at multiscale levels. The bone hierarchical structure can be classified and 
investigated as: 

- Macrostructure (from 100 μm to 1 mm): cortical and trabecular bone. 
- Microstructure (from 1 μm to 100 μm): Haversian systems, osteons, single 

trabeculae, osteocytes lacunae. 
- Nanostructure (< 1 μm): collagen fibrils and embedded minerals. 

The resulting structure, however being anisotropic, is highly oriented and (Rho, Kuhn-
Spearing, and Zioupos 1998). 

 

 
Figure 1. 2: Bone hierarchical structure. 

Macrostructure  
Macroscopically, it is possible to remark that bones have different shape and sizes 

depending by the anatomical position and the function they have to attend. However, at 
the macroscale all bones are characterized by two architectural structures, called cortical 
and cancellous/trabecular bone. It is important to notice that both cortical and trabecular 
bone are mainly composed by HA crystals and collagen while their arrangement differs 
accordingly to their maturity (S. Cowin 2001; Khurama 2009).  

Long bones, as for femurs, are generally composed by diaphysis, metaphysis, and 
epiphysis. The diaphysis is the central tubular part, it is characterized by a thick external 
cortical bone and inner trabecular bone surrounding a medullary cavity which contains 
yellow bone marrow, high in fat. Moving towards the extremities of the bone there are 
two extended edges, metaphysis, disks of cartilage growing during childhood which is 
how the bones get longer as child gets taller. Bones are ending in epiphysis mainly 
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composed by trabecular bone within a thin cortical bone and filled with red marrow, 
responsible for producing blood cells.  

Cortical bone covers the whole surface of the bone, is principally found in the 
diaphysis as a thick cylinder and as an outer shell of trabecular bone at both the proximal 
and distal ends of bones. The trabecular bone is instead located within the cortical shell, 
in medullary cavities at the end of long bones and in between the opposite faces of the 
cortical bone in the diaphysis (Fig. 1.3) (X. Wang et al. 2010). 

Trabecular bone represents the 20% of the total skeleton mass with a porosity in the 
range 45-95%, whereas the cortical bone accounts for the 80% of skeleton mass with a 
porosity in range 5-10%. It is necessary to underline that bone are a dynamics porous 
structures and therefore their porosity depends not only because of pathological 
conditions but also by the position, the function as an adaptive response to mechanical 
or physiological stimulus. Changes in the porosity, that may occur in both cortical and 
trabecular bone, strongly affect bone’s mechanical properties. However, since the cortical 
bone is as dense as possible and with lamellae organized to optimize the structure, 
properties does not vary greatly between different cortical tissues (S. Cowin 2001). 

 

 
Figure 1. 3: Trabecular and cortical bone. 

The cortical bone is compact and characterized by overlapped and parallel lamellae to 
provide maximal resistivity, it is very dense and therefore very resistant it is possible to 
individuate three different dispositions of the lamellae. The principal component is the 
osteon (or Haversian systems), cylindrical and concentric structure of 200-250 μm of 
diameter composed by several concentric lamellae. Osteon may reach some cm of length 
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and in the center, they present the capillary space where the blood flows. Osteons born 
around the capillary because the bone needs collagen and nutrients to grow. Between 
lamellae there are the osteocyte lacunae where there are the osteocytes, important for the 
bone mechanic-regulation, and these lacunae are interconnected between them forming 
a complex network able to exchange signals about the mechanic load. Given that osteons 
are cylindrical structure, the space between them is filled by interstitial lamellae which 
are the remnant of previous osteons, hence forming the older part of the bone. The third 
family of lamellae are the circumferential or peripherical lamellae which bandage the 
osteons, they can reach a dimension of some cm2 and cover whole portions of the bone. 
Their role is to pack the osteons providing a smooth surface able to resister to higher 
strain than rough surfaces (S. C. Cowin 1999; S. C. Cowin and Doty 2007; S. Cowin 2001; 
Martin et al. 2015).  

The trabecular or spongy bone is a network of short and interconnected struts or 
trabeculae, which are characterized by different shapes and sizes, but arranged along a 
preferential directionality. It is characterized by high porosity, which makes trabecular 
bone lighter and less dense than cortical bone. It also has a large surface area and the 
interstitial space is filled with marrow, both red and yellow, which has not only the 
function of providing nutrients but also concur to bone rigidity. As a matter of fact, 
marrow is a viscous fluid, incompressible and bounded by the cortical shell, which reacts 
according to the strain velocity. The minimum trabecular size is in order of 100 μm of 
diameter but it can also reach several hundred of μm as for the pores, or the space 
between trabeculae, which may vary from few micrometers to millimeters. Trabecular 
bone is much more metabolically active than cortical bone thanks to higher surface to 
volume ratio directly connected to bone marrow. It is much more deformable than 
cortical bone even though it is composed by the same material. Trabecular composition 
and structure generate a more compliant and deformable material. Moreover, the 
preferential directionality, along the principal stress lines, of trabeculae provides 
maximum strength and the regenerative power permits realignment in case of changes 
of stress directions (X. Wang et al. 2010; Wolff 1986; Murugan and Ramakrishna 2005; 
Rho, Kuhn-Spearing, and Zioupos 1998). 

The trabecular properties of the proximal femur head have been investigated in this 
thesis using both µCT and MRI and the mechanical behavior of the whole proximal 
femurs have been assessed using biomechanical fracture tests with a specific assay which 
simulates sideways fall on the great trochanter. The results corresponding to the 
macroscale investigation of the trabecular phase are presented in Chapter 2, 4 and 5. The 
cortical macroscale properties have been assessed in the femoral neck using µCT and the 
corresponding results are shown in Chapter 6. 
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Microstructure 
Microscopically, lamellae are composed by parallel collagen fibrils, reinforced by 

crystals, forming an average structure thickness between 3 and 7 μm (Rho, Kuhn-
Spearing, and Zioupos 1998). Collagen fibrils are principally oriented in the same 
direction, permitting an high collagen density per unit volume, and they are organized 
in bundles of 1-2 μm of diameter (Ascenzi et al. 1979). 

Each lamella contains an ellipsoidal cavity, named lacunae, usually aligned with their 
long axis parallel to the long axis of the lamella. Inside the cavities made by the lacunae 
there are located the osteocytes (bone cells buried in the matrix) (Fig. 1.4). The osteocytes 
functions as mechano-sensory cells, and they are responsible for the coordination of relate 
cells activities. Each osteocyte has several cytoplasmatic processes forming a 3D network 
that permits the connection with similar processes of neighbouring cells (up to 12).  

 
Figure 1. 4: (left) Osteocytes network and canaliculi scheme, (right) 3D rendering of the 

osteocyte network organized around a Haversian canal (reproduced from Med. Phys. 39 (4), 
April 2012). 

These processes lie inside small channels (range 0.1 μm of radius), known as canaliculi 
and that provides connections between lacunae and the Haversian canal (Pacureanu et 
al. 2012). This network is commonly referred as lacunae-canaliculi network (LCN) and 
provides to the bone the ability to respond to changes in the mechanical loading. It is well 
accepted that osteocytes receive mechanical signals directly through deformation of the 
solid bone matrix, and/or indirectly through fluid motion in the LCN. The potential 
direct mechanisms include sensing of the strain magnitude, gradients, rates, energy 
density and loading frequency as well as cycle number. On the contrary, the potential of 
the indirect mechanisms includes sensing the fluid pressure, shear stresses and streaming 
potentials (S. C. Cowin and Doty 2007; Scheiner et al. 2010). The total volume of lacunae 
and canaliculi is contributing to 10% of the total porosity (X. Wang et al. 2010).  
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In this thesis study the osteocytes lacunae morphology and distribution have been 
assessed using synchrotron radiation micro-computed tomography and the trabeculae 
tissue properties have been investigated using microindentation of multiple samples 
extracted from three different regions of the proximal femur (great trochanter, femoral 
neck and femoral head). The corresponding results have been presented in Chapter 6.   

 
Nanostructure 
The nanostructure of both cortical and trabecular bone is formed by a composite of 

mineral crystals and collagen fibrils. Bone mineral is stiff and fragile while the collagen 
fibrils are much softer and resistant. The individual characteristics of both mineral 
crystals and collagen along with their interaction are crucial for the bone mechanical 
performance (Fratzl 2005). At nanoscale, groups of collagen molecules aggregate forming 
the mineralized collagen fibrils, of about 100 nm of diameter (Landis et al., n.d.), which 
themselves group together to form mineralized collagen fibers (Rho, Kuhn-Spearing, and 
Zioupos 1998) (Fig. 1.5). 

Collagen fibrils are composed by collagen molecules also named tropocollagen. 
Tropocollagen is a highly reactive molecule, that spontaneous perform fibrillogenesis 
creating a supramolecular structure, which formation is intrinsically linked with the 
collagen cross-linking (Rho, Kuhn-Spearing, and Zioupos 1998; Ottani et al. 2002). In fact, 
the longitudinal distribution of polar and hydrophobic residues along the length of the 
tropocollagen helix results in staggered, lateral intermolecular interaction through the 
process of cross-linking during fibrillogenesis (Ottani et al. 2002). This method of self-
assembling results in observed molecular axial stagger within collagen fibrils and this 
axis stagger results in a gap region between the tropocollagen ends, vitals for the healthy 
mineralization process. The gap regions became centers of ossification which is believed 
to encourage the spontaneous precipitation of mineral from the extracellular matrix to 
the existing mineral nucleus (Landis et al., n.d.). The mineralization process is 
predominantly intrafibrillar and the mineral crystals platelets grow to form the observed 
mineral plates and extend along the fibril surface forming a reinforcing apatite ring 
around the fibrils (Ottani et al. 2002). The mineral crystals (2 to 7 nm thick, 15 to 200 nm 
length and 10 to 80 nm width) tend to grow exhibiting a specifically oriented crystalline, 
with the c-axis of the mineral  crystal being approximately aligned with the long axis of 
the associated fibrils (Fratzl 2005; Rho, Kuhn-Spearing, and Zioupos 1998). 

Mineralization enhances the fibril stiffness firstly because the intrafibrillar mineral 
platelets strengthen the collage fibrils in tension and compression along the fibril axis and 
in shear in the platelets plane, while preserving the fibrils flexibility not pronouncing the 
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bending rigidity. Secondly, the extracellular mineralization further strengthens the fibrils 
in all remaining deformation modes (Nikolov and Raabe 2008). 

 
Figure 1. 5: Collagen fiber structure. 

The bone mineral component is mostly composed of Hydroxyapatite (HA) (Fig. 1.6) 
and other elements like sodium, magnesium, zinc, etc. in trace quantity. The HA accounts 
for 60% of bone and it is the primary component of the entire bone (Mow and Huiskes 
2004). 

The bone mineral is analogous to the naturally available ceramic hydroxyapatite. The 
chemical formula for the HA is 𝐶𝐶𝐶𝐶10(𝑃𝑃𝑃𝑃4)6(𝑃𝑃𝑂𝑂)2, and the actual bone mineral has some 
impurities added to the structure of this ceramic compound. The global crystallographic 
structure mostly depends on the characteristic of the anion 𝑃𝑃𝑃𝑃43− and mostly on his 
tetraedric geometry. The bidimensional structure monolayer coming from the association 
of these anions have a hexagonal symmetry. The three dimensional multilayer structure 
resulting from the overlap of multiple monolayers it will tend to the minimum bulk 
(Landi et al. 2003a). 

Often the 𝑃𝑃𝑂𝑂− and 𝑃𝑃𝑃𝑃43− are replaced by other compounds like carbonate (Fig. 1.6). 
This results in formation of carbonate hydroxyapatite (Rey et al. 2011; Rey 1991). The 
calcium can also be replaced by element like strontium or magnesium. These 
replacements increase the imperfection in the apatite, and it makes the mineral to be more 
soluble. These substitutions result in reduction of size of the crystal. The fluoride ion 
occupying the  𝑃𝑃𝑂𝑂− site is an exception to the above statement. In this case, the mineral 
is less soluble, and their crystal size is comparatively larger. The presence of carbonate 
and the different type of carbonate that substitute the bone mineral are well studied. The 
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carbonate ions replacing the 𝑃𝑃𝑂𝑂− sites in HA are called type A carbonate apatite 
(𝐶𝐶𝐶𝐶10−𝑥𝑥/2(𝑃𝑃𝑃𝑃4)6−𝑥𝑥(𝐶𝐶𝑃𝑃3)𝑥𝑥(𝑃𝑃𝑂𝑂)2) while if the carbonate ion replaces the phosphate sites, 
they are called type B carbonate apatite (𝐶𝐶𝐶𝐶10−𝑥𝑥/2(𝑃𝑃𝑃𝑃4)6−𝑥𝑥(𝐶𝐶𝑃𝑃3)𝑥𝑥) (Madupalli, Pavan, and 
Tecklenburg 2017a). The carbonate ion can replace both monovalent and trivalent anionic 
sites and they are called type AB carbonate apatite. 

The carbonate content in the bone is about 4-8 wt.% and it depends on the age of the 
individual. The B-type carbonation is the preferential carbonate substitution found in the 
bone with a A/B ratio in the range 0.7-0.9, and a higher value of the A/B ratio was 
observed in old tissue, compared to young tissue. The presence of B-carbonate in the 
apatite was shown to cause a decrease in crystallinity and an increase in solubility in both 
in vitro and in vivo tests. Moreover, the A-carbonate surface showed a lower affinity for 
the human trabecular osteoblastic cell, compared to HA, this is demonstrated by the 
lower cell attachment and collagen production which was attributed to a decrease of the 
polar component of the surface of the A-carbonated biomaterial (Landi et al. 2003a). 

  
Figure 1. 6: (left) Hydroxyapatite (HA) molecular structure, (right) HA type A and B 

substitutes. 

It is pointed out that a gross sample of bone tissue contains crystals of bone mineral of 
very widely different age. This is because bone tissue is being continuously formed and 
resorbed. The new bone tissue contains the very youngest bone crystals, and in most 
instances the tissue being resorbed is among the oldest and therefore the crystals 
removed or dissolved are also among the oldest. Therefore, the age distribution of 
crystals in any gross sample of bone will contain a certain proportion of the very youngest 
crystals and a certain proportion of the very oldest crystals, as well as a distribution of 
crystals of all other ages, depending on the age of the patient or animal, the rates of bone 
formation, and the rates and location of bone resorption. It is generally true that this 
distribution will be skewed toward the youngest crystals in very young animals in which 
bone turnover is very rapid, and toward older crystals in the older, more mature animals, 
in which new bone formation (and therefore new, young crystal formation) and bone 
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turnover are relatively low (A.L. Boskey and Coleman 2010). The specific distribution of 
the bone crystals as a function of the age of the animal can therefore vary widely, 
depending on the rate of turnover, bone formation, resorption, and other biological 
factors. The most obvious change that occurs in the crystals of bone with aging is an 
increase in their crystallinity, despite the tendency of carbonate ions to stabilize 
amorphous states, the ordered structure of the ion constituents in the vicinity of the 
carbonate ions nonetheless appears to occur rapidly during the growth and aging of the 
bone crystals, even as the content of carbonate ion increases. This progressive increase in 
the crystallinity of the crystals, despite an increase in the carbonate ion concentration, is 
analogous to what occurs in synthetic samples. This indicates that carbonate ions are not 
a predominant factor in the biological regulation or control of the crystallinity of apatite 
crystals. In the crystals of young, whole bone, the increase of the CO3 is indicative of a 
more organized structure of the atomic lattice of the regions in the vicinity of carbonate 
ions in both the A and B positions. This can probably be related in part to the progressive 
but moderate increase in the size of the crystals during maturation and aging (Wopenka 
and Pasteris 2005). 

In this PhD project the nano and molecular scale have been investigated using two 
spectroscopic techniques, i.e. the X-ray absorption spectroscopy and the Fourier 
transform infrared, and the differences between osteoporotic and controls have been 
presented. The while FTIR spectroscopy was used to assess the HA carbonation and the 
collagen cross-links and the results have been presented in Chapter 6 while the XAS of 
the Calcium K-edge has been used to assess the HA crystallinity order and the changes 
in the Calcium neighbor and the corresponding results have been presented in Chapter 
7.  
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Abstract 
Bone microarchitecture has been shown to provide useful information regarding the 

evaluation of skeleton quality with an added value to areal bone mineral density, which 
can be used for the diagnosis of several bone diseases. Bone mineral density estimated 
from dual-energy x-ray absorptiometry (DXA) has shown to be a limited tool to identify 
patients’ risk stratification and therapy delivery. Magnetic resonance imaging (MRI) has 
been proposed as another technique to assess bone quality and fracture risk by evaluating 
the bone structure and microarchitecture. To date, MRI is the only completely non-
invasive and non-ionizing imaging modality that can assess both cortical and trabecular 
bone in vivo. In this review article, we reported a survey regarding the clinically relevant 
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information MRI could provide for the assessment of the inner trabecular morphology of 
different bone segments. The last section will be devoted to the upcoming MRI 
applications (MR spectroscopy and chemical shift encoding MRI, solid state MRI and 
quantitative susceptibility mapping), which could provide additional biomarkers for the 
assessment of bone microarchitecture. 
 
Keywords: MRI; bone microarchitecture; bone morphology; bone quality. 
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1.  Introduction 

1.1. Bone Disorders and Investigative Tools 
A large number of studies have demonstrated the substantial burden of bone disorders 

worldwide (Vos et al. 2012; Lim et al. 2012; Murray 2012). Considered as the second 
greatest cause of disability (Vos et al. 2012), musculoskeletal pathologies account for 6.8% 
of total disability worldwide (Lim et al. 2012). Bone pathologies are usually affecting the 
bones solid phase, which is composed of both cortical and cancellous/trabecular types of 
bone. Bone alterations commonly include cortical shell thinning, increased porosity of 
both cortical and trabecular bone phases (Woolf 2015; Johnell and Kanis 2006), and 
reduced density, volume, and regenerative power. These bone modifications generally 
account for a reduced resistivity and flexibility eventually leading to an increased risk of 
fragility fractures accompanied by long-term disabilities. Recent studies have shown that 
people over the age of 50 with a high risk of osteoporotic fractures represented more than 
150 million people worldwide with 137 million women (Odén et al. 2015). This number 
is expected to exceed 300 million by 2040 (Odén et al. 2015). Fragility fractures lead to 
more than half a million hospitalizations each year in North America alone, with an 
annual direct cost, which has been estimated to be $17 billion dollars in 2005. This cost is 
expected to rise by almost 50% by 2025 (Burge et al. 2007). Overall, the early identification 
of bone fragility risk is a major health issue (van Oostwaard 2018). In the clinical context, 
bone disorders are usually assessed using dual-energy X-ray absorptiometry (DXA), 
which is able to assess the bone mineral density (BMD). The BMD score is then compared 
to a reference range of values calculated in healthy (25–35 years old) volunteers taking 
into account sex and ethnicity. Accordingly, a score (T-score) is generated indicating how 
far, in terms of SD (standard deviation), the measured BMD is from the reference values. 
A T-score between −1 and −2.5 indicates a low bone mass or osteopenia while a value 
lower than −2.5 is indicative of osteoporosis. The corresponding method has good 
sensitivity (around 88% for both men and post-menopausal women), but the specificity 
is poor (around 41% for post-menopausal women and 55% for men) (Nayak et al. 2015a) 
resulting in a low clinical diagnostic accuracy (70%) (Humadi, Alhadithi, and Alkudiari 
2010a). In addition, DXA measurements do not take into consideration microarchitectural 
alterations, which have also been recognized as part of the structural picture in 
osteoporosis. Of interest, bone microarchitecture can be assessed using quantitative 
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computed tomography (qCT) (Sharma, Toussaint, Elder, Masterson, et al. 2018; Boutroy 
et al. 2005a). Given that both DXA and qCT are both radiative imaging techniques, non-
radiative alternatives would be of great interest. Over the last decades, magnetic 
resonance imaging (MRI) (Majumdar et al. 1996a; Seifert et al. 2014a; Karamat, Darvish-
Molla, and Santos-Diaz 2016a) has been indicated as a non-ionizing and non-invasive 
technique. 

Using MRI, a large number of studies have attempted to assess bone microarchitecture 
in bone disorders and more particularly in osteoporosis (Majumdar et al. 1999a; Roland 
Krug et al. 2008a; G. Chang, Honig, et al. 2015a; Chamith S. Rajapakse et al. 2018a). The 
corresponding studies have been conducted at different magnetic field strengths, using 
different Radio Frequency coils and pulse sequences. Although, the results were 
compelling, the sensitivity of the corresponding microarchitecture metrics for diagnostic 
purposes and the assessment of the disease severity is still a matter of debate. 

On the basis of a comparative survey of MRI, computed tomography, and DXA-based 
metrics, we intended to address the issues related to the diagnostic potential of the 
corresponding metrics and their capacity to predict disease severity. The final section will 
be devoted to potential perspectives offered by magnetic resonance spectroscopy (MRS) 
and chemical shift encoding (CSE-MRI), solid-state MRI, and quantitative susceptibility 
mapping (QSM). 

 

1.2. Bone Microstructure 
Bone is a multiphase material composed of a solid phase and a viscoelastic component. 

The solid phase is considered as hierarchical, anisotropic, and heterogeneous and is 
composed of 65% of inorganic matrix (mostly calcium hydroxyapatite crystals) and 35% 
of organic matrix (type I collagen, proteoglycans, and bound water) (X. Wang et al. 2010). 
While the inorganic matrix is characterized by a high rigidity, a high resistivity, and an 
elastic behavior, the organic matrix is deformable thereby providing the tissue with 
tensile strength. Due to the combination of these two materials, bone tissue is 
simultaneously deformable and rigid (Fratzl and Gupta 2007). The solid phase creates a 
shell for the bone marrow, which is the viscoelastic component. The bone marrow on the 
other hand has a double function. It provides nutriments to the solid phase allowing 
higher regenerative rate and is able, due to its viscoelastic properties, to spread the 
dynamics of an impulsive action, reducing the risk of fractures due to impacts (Nyman 
et al. 2006a). Bone tissue is composed of both trabecular and cortical bone phases. Cortical 
bone covers the whole surface of the bone. It is compact, dense, and characterized by 
overlapped and parallel lamellae, which provide a large resistivity (X. Wang et al. 2010). 
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Trabecular bone is the inner compartment of bone tissue. It is composed of 25% of bone 
and 75% of marrow (S. C. Cowin 1999). At the microstructural level, trabecular bone 
appears as a complex 3D network of interconnected trabeculae rods and plates 
responsible for tissue resistance to loading forces. The bone inner architecture is an 
important contributor to bone strength independent of bone mass (X. Wang et al. 2010). 
It is characterized by a high porosity so that trabecular bone is lighter and less dense than 
cortical bone. In fact, cortical bone mainly works in compression while trabecular bone 
principally works in flexion and torsion reaching a higher area under the stress–strain 
curve (S. C. Cowin 1999). 

Bone is actually a dynamic porous structure and this porosity can change as a result of 
pathological processes but also as an adaptive response to mechanical or physiological 
stimuli. This change in both cortical and trabecular bone porosity can strongly affect the 
corresponding mechanical properties (S. C. Cowin 1999). 

 

2.  Bone Pathologies and Clinical Approach 

2.1. Principal Bone Pathologies 
Pathologies of the bone microstructure are quite common and may derive from 

multiple factors. Musculoskeletal (MSK) complaints are the second most common reason 
for consulting a medical doctor and account for 10%–20% of primary care visits (Woolf 
2015). They are also among the leading causes of long-term disability and the leading 
cause for long-term absence from work in numerous countries (Woolf 2015; Brage, 
Nygard, and Tellnes 1998). Worldwide, the total number of MSK disability adjusted life 
years (DALYs) significantly increased from 80.2 million in 2000 to 107.9 million in 2015 
(p < 0.001) with the total number of MSK years lived with disability (YLDs) increasing 
from 77.4 million to 103.8 million. Overall, MSK diseases represent the second cause of 
YLDs worldwide (Sebbag et al. 2019). 

The most common pathology related to bone microstructure alterations is osteoporosis 
in which bone density and volume of bone segments or specific bone regions can be 
progressively reduced. Patients with osteoporosis are at high risk of having one or more 
fragility fractures, which eventually lead to a physical debilitation and potentially to a 
downward spiral in physical and mental health. Johnell et al. reported that 9 million 
osteoporotic fractures occurred in 2000, 1.6 million in the hip, 1.7 million in the wrist, and 
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1.4 million in the vertebrae (Johnell and Kanis 2006). Only in the five largest countries in 
Europe plus Sweden (EU6), the number of fragility fractures were estimated at 2.7 million 
in 2017 with an associated annual cost of €37.5 billion and both fragility fractures and 
associated annual cost are expected to increase by 23% in 2030 (for the International 
Osteoporosis Foundation et al. 2020). A large Chinese epidemiological survey using DXA 
among people aged fifty years or older demonstrated the prevalence of osteoporosis in 
males (6.46%) than females (29.13%) meaning that there are 10 million men and 40 million 
women with osteoporosis only in China (Cheng et al. 2020). The current DALYs per 100 
individuals age 50 years or more were estimated at 21 years, which is higher than the 
estimates for stroke or chronic obstructive pulmonary disease (for the International 
Osteoporosis Foundation et al. 2020). Moreover, it has been reported that if all patients 
who fracture in the EU6 were enrolled into fracture liaison services, at least 19,000 
fractures every year might be avoided (for the International Osteoporosis Foundation et 
al. 2020). Finally, Kemmak et al. reported that the direct annual cost of treating 
osteoporotic fractures of people on average is between 5000 and 6500 billion USD in 
Canada, Europe, and USA alone, not taking into account indirect costs, i.e., disability and 
loss of productivity (kemmak et al. 2020). 

Osteoporosis may be linked to ageing, particularly in postmenopausal women, or can 
occur as a result of specific conditions, i.e., diabetes, anorexia nervosa, and obesity or 
treatments, i.e., corticosteroid. Indeed, corticosteroid-induced osteoporosis is the most 
common form of secondary osteoporosis and the first cause in young people. Bone loss 
occurs early after the initiation of corticosteroid therapy and is correlated to dose and 
treatment duration (Bartl and Bartl 2017). Fragility fractures have been associated with 
early mortality and increased morbidity having a significant effect on the quality of life 
of both patients affected by diabetes (Keenan and Maddaloni 2016; S. C. Chen et al. 2019; 
Abdalrahaman et al. 2017), anorexia nervosa (Singhal et al. 2018; Fazeli and Klibanski 
2019), and obesity (Fintini et al. 2020; Cordes et al. 2016; 2015). 

Additionally, a number of childhood diseases cause rickets, a physical condition 
resulting from a delayed calcium phosphate mineral deposition in growing bones, which 
may lead to skeletal deformities (Ganie et al. 2016). In adults, the equivalent disease is 
called osteomalacia and may have devastating consequences if not diagnosed and treated 
(Minisola et al. 2017; Florenzano et al. 2021). Patients with chronic renal disease are at risk 
of developing a complex bone disease known as renal osteodystrophy, which is 
responsible for an increasing bone resorption due to an increased osteoclast activity 
(Sharma, Toussaint, Elder, Masterson, et al. 2018; Ruderman et al. 2020). 

Paget’s disease is a chronic progressive bone disorder occurring in middle-aged or 
older adults and which commonly affect spine, pelvis, legs, or skull (Winn, Lalam, and 
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Cassar-Pullicino 2017; Gennari et al. 2019). The most likely etiology is a slow 
paramyxoviral viral infection in generally susceptible individuals, however the exact 
cause is unknown (Kravets 2018). It appears to arise more or less simultaneously in one 
or more skeletal sites, remaining restricted there. In long bones the disease first appears 
in the region of the proximal epiphysis and advances along the shaft at a rate of 8 mm/yr 
(Cundy 2018). Paget’s disease is initially characterized by bone resorption, disorganized 
bone deposition, resulting in pathological bone remodeling where the osteoclastic 
activity is predominant, is then followed by a mixed phase of osteoclast and osteoblast 
with osteoblasts prevailing, and end with an inactive phase where the osteoblastic 
activity declines (Winn, Lalam, and Cassar-Pullicino 2017). The leading edge of this 
advance is often visible as a V-shaped “lytic wedge” reflecting osteoclastic resorption 
(Cundy 2018). Moreover, it has been noticed that an elevated serum alkaline phosphatase 
level correlated with the disease activity (Kravets 2018). Diagnosis and follow-up are 
usually based on imaging modalities in order to assess disease status, bone 
microarchitecture and metabolic activity. MRI is invaluable for the assessment of 
complications, i.e., spinal stenosis and sarcomatous degeneration (Winn, Lalam, and 
Cassar-Pullicino 2017). An early diagnosis of this disease can minimize the impact on the 
patient quality of life (Appelman-Dijkstra and Papapoulos 2018). 

Many genetic and developmental disorders can affect the skeleton. Among them, the 
most common is the osteogenesis imperfecta (Palomo, Vilaça, and Lazaretti-Castro 2017). 
Osteogenesis Imperfecta (OI) is a systemic connective tissue disorder characterized by 
low bone mass and bone fragility causing significant morbidity due to pain, immobility, 
skeletal deformities, and growth deficiency. Moreover, it is the most prevalent heritable 
bone fragility disorder in children (Palomo, Vilaça, and Lazaretti-Castro 2017; Rossi, Lee, 
and Marom 2019; Trejo and Rauch 2016; Marini et al. 2017; Hoyer-Kuhn, Netzer, and 
Semler 2015). OI is a skeletal dysplasia characterized by bone fragility and high incidence 
of fractures that may occur with minimal or no trauma (Rossi, Lee, and Marom 2019; 
Marini et al. 2017). Fractures may involve atypical locations. Vertebral fractures occur in 
about 70% of OI patients. Joint hypermobility is also common and gray or blue scleral 
hue is a predominant OI feature (Rossi, Lee, and Marom 2019; Marini et al. 2017). 
Moreover, severe OI may present prenatally by detection of in utero fractures and 
shortening of long bones on prenatal ultrasound (Palomo, Vilaça, and Lazaretti-Castro 
2017; Rossi, Lee, and Marom 2019; Marini et al. 2017). OI is currently diagnosed using 
patient history, clinical examination, lumbar spine BMD, bone biochemistry, and image 
analysis (CT and/or MRI scans) (Palomo, Vilaça, and Lazaretti-Castro 2017; Marini et al. 
2017; Hermie, Horvath, and Van Cauter 2017). Interestingly, Ashinsky et al. have shown 
that multiparametric classification using quantitative MRI could detect at the skin level 
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differences between OI patients and unaffected individuals, suggesting the potential of 
MRI for the clinical OI diagnosis (Ashinsky et al. 2016). However, the molecular diagnosis 
using DNA sequence analysis can pinpoint the exact OI cause and provide information 
about the recurrence risk to affected individuals and their families (Palomo, Vilaça, and 
Lazaretti-Castro 2017; Trejo and Rauch 2016). There is no cure for OI and among the 
clinical and chirurgical therapies (largely supportive at present), the bisphosphonate 
therapy has shown remarkable effect where treatment efficacy and follow ups are usually 
assessed though image analysis (Palomo, Vilaça, and Lazaretti-Castro 2017; Hermie, 
Horvath, and Van Cauter 2017; Dwan et al. 2016). 

Lastly, some skeletal disorders can result from primary or secondary tumors. Primary 
bone tumors are rare, accounting for < 0.2% of malignant neoplasms registered in the 
EUROCARE (European Cancer Registry based study on survival and care of cancer 
patients) database (Casali et al. 2018), and in particular osteosarcoma (OS) represents < 
1% of all cancers diagnosed in the United States (Harrison et al. 2018). OS is classically 
described as a high grade spindle shaped neoplasm with malignant cells that produce 
osteoid (Harrison et al. 2018). However, OS is the first primary cancer of bone (incidence: 
0.3 per 100,000 per year) with a relatively high incidence in the second decade of life 
(incidence: 0.8–1.1 per 100,000 per year at age 15–19 years) (Casali et al. 2018). Most of the 
OSs of younger patients arise in the metaphysis of long bones with the most common 
sites being the extremities (distal femur, proximal tibia, and proximal humerus) 
(Harrison et al. 2018), while the axial tumor sites increases with age. Conventional 
radiography is the first radiological investigation. However, MRI investigation of the 
whole compartment with adjacent joints is regarded today as the best modality for local 
staging of extremities and pelvic tumors (Casali et al. 2018; Hao et al. 2020). The final 
diagnosis as for the disease grading is based on biopsy, histology, and molecular 
assessment. Curative treatment consists of chemotherapy and surgery (Casali et al. 2018; 
Hao et al. 2020). In the case of chemotherapy treatment, dynamic MRI is reliable for the 
evaluation of changes in tumor vascularity (Hao et al. 2020; Saleh et al. 2020). 
 

2.2. Clinical Approach 
The clinical evaluation of bone status is mainly based on the dual-energy X-ray 

absorptiometry (DXA), which gives information about the bone mineral density (BMD). 
The whole body or a bone segment is scanned using X-rays and a 2D projection of bone 
density is evaluated using a standard reference. Although this technique has been 
classified as being minimally invasive, the radiation deposition dose for a whole body 
DXA examination is 0.0042 mSv, and can reach up to 0.009 mSv and 0.013 mSv 
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respectively for the hip and the spine examination (Damilakis et al. 2010a). DXA is the 
most common screening evaluation test for osteoporosis and body composition (whole 
body percent fat). Since the proportion of cortical bone is often larger, DXA is more 
sensitive to the presence and quality of the cortical bone. DXA can then be considered as 
poorly sensitive to trabecular bone alterations. Accordingly, recent studies have shown 
that DXA is not well suited to discriminate between patients with and without fragility 
fractures while this would be possible with quantitative microarchitecture analysis (G. 
Chang, Honig, et al. 2015a; G. Chang, Deniz, et al. 2014a; Agten et al. 2018; D. Guenoun 
et al. 2020a). 

For clinical applications, bone inner morphology can be assessed using quantitative 
computed tomography (qCT), an X-ray based technique, which could be used to assess 
central and peripheral skeletal sites. The acquired volumes of interests are reconstructed 
from a stack of images, which can reach n = 900 images for a 45-cm abdominal-thorax 
scan, with a radiation deposition dose of 0.06–0.3 mSv/image. On that basis, this 
technique is considered as highly radiative (Damilakis et al. 2010a; Rad et al. 2011). On 
the contrary to DXA, the tomographic reconstruction and the resolution power of qCT 
can provide information related to the inner bone morphology. For deep bone segments, 
the corresponding image resolution ranges between 0.160 and 0.300 mm due to radiations 
issues (Adams 2009). For bone extremities, i.e., radii and tibiae, qCT can be replaced by 
high-resolution peripheral computed tomography (HR-pQCT), which provides a higher 
resolution, i.e., between 0.040 and 0.150 mm (Boutroy et al. 2005a; Adams 2009). Due to a 
low benefit–risk ratio, qCT and HR-pQCT are not currently used for the diagnosis of bone 
diseases in clinical practice. 

 

3.  MRI Based Approach 

A non-invasive alternative to DXA and qCT could be MRI. Over the last two decades, 
a large number of studies have intended to assess bone microstructure using MRI. The 
initial investigations have been performed using T1-weighted spin echo sequences 
characterized by short TR (<1200 ms) and short TE (<25 ms) in distal radius and calcaneus 
(Majumdar et al. 1999a; 1997a; Ladinsky et al. 2007; Thomas M. Link et al. 1998). Due to 
technical advances, tibiae (Roland Krug et al. 2008a; X. H. Zhang et al. 2008; N. Zhang et 
al. 2013), spine (Majumdar et al. 1997a; Chamith S. Rajapakse et al. 2012a), and proximal 
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femur (G. Chang, Honig, et al. 2015a; G. Chang, Deniz, et al. 2014a; Roland Krug et al. 
2005a; G. Chang, Rajapakse, et al. 2015a) have been investigated. MRI of trabecular 
microstructure can be obtained by imaging the marrow phase inside the bone segment, 
which appears as a hyperintense signal in conventional MR images. Using higher field 
MRI, i.e., 3T one can expect an increased signal to noise ratio (SNR), which can be 
translated either in a reduced acquisition time or an increased image resolution. Over the 
last decades, due to the higher availability of high-field (HF) MRI scanners, a large 
number of studies have been dedicated to the MRI assessment of osteoporosis (Roland 
Krug et al. 2008a; G. Chang, Honig, et al. 2015a; G. Chang, Deniz, et al. 2014a; D. Guenoun 
et al. 2020a; N. Zhang et al. 2013; Roland Krug et al. 2005a; G. Chang, Rajapakse, et al. 
2015a). Very recently, clinical FDA and CE-approved ultra-high field (i.e., 7T UHF) MRI 
scanners with announced MSK applications have become available. Their clinical 
availability is still poor and the coming results will be of utmost importance to decide 
about the future of UHF MRI for clinical purposes. 

Using MRI, the most common extrapolated features are the bone volume fraction 
(BVF), the trabecular thickness (Tb.Th), spacing (Tb.Sp), and number (Tb.N) (G. Chang, 
Honig, et al. 2015a; D. Guenoun et al. 2020a). 

 

3.1. Technical Considerations for Clinical 
Usefulness 

A signal to noise ratio (SNR) of 10 has been reported as the minimum value for the 
investigation of bone microarchitecture (Wehrli 2007). The scan time considered 
acceptable for clinical examination has to range between 10 and 15 min. As a result, the 
minimum voxel size, which has been obtained at 1.5T was between 0.135 and 0.250 mm 
while the slice thickness was between 0.3 and 1.5 mm. One has to keep in mind that SNR 
would be higher for superficial anatomical sites (radius or calcaneus compared to deeper 
anatomical sites, e.g., proximal femur) leading to higher resolution or shorter acquisition 
time. Moreover, SNR can be increased at higher field strengths and/or using 
multichannel coils (Wehrli 2007; Brown et al. 2014; Techawiboonwong et al. 2005a; G. 
Chang et al. 2017b). 

MRI pulse sequences such as gradient recalled echo (GRE) and spin echo (SE) have 
also been tested at different field strengths (Roland Krug et al. 2008a; 2005a; R. Krug et 
al. 2008a). It has been shown that SE sequences were less susceptible to partial volume 
effects as compared to GRE sequences and that GRE were more sensitive to trabecular 
broadening than SE. These results indicate that SE sequences would provide more 
accurate results regarding trabecular characteristics (R. Krug et al. 2008a; Roland Krug et 
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al. 2008a). However, the use of these pulse sequences might be problematic using ultra-
high field (UHF) MRI considering power-deposition issues. 

A list of the main literature references, scanned regions, sequences, and principal MRI 
setup parameters is reported in Table 1.1. 

 
Table 1. 1 : List of the main magnetic resonance imaging (MRI) parameters and sequences. 

Anatomical 
Site Clinical History Specimen 

/Patient Acq. Time 
Slice 

Thickness 
[mm] 

Pix. Size 
[mm] FOV [mm] MRI Seq. Main 

Field N° Reference 

distal radii type 2 diabetes patient 12 min 9 s 1 0.195 × 0.195 100 × 100 FSE 1T [78] Pritchard et al. 

calcaneus osteoporotic hip 
fractures patient 15 min 15 s 0.5 0.195 × 0.195 100 × 100 GE 1.5T [67] Link et al. 

distal radii healthy patient 16 min 25 s 0.5 0.156 × 0.156 80 × 45 3D FLASE 1.5T [75] Techawiboonwong 
et al. 

distal radii healthy patient 3 min 15 s 0.5 0.156 × 0.156 80 × 45 3D SSFP 1.5T [75] Techawiboonwong 
et al. 

distal radii NA specimen 15 min 0.3 0.156 × 0.156 80 GE 1.5T [13] Majumdar et al. 

lumbar spine osteoporotic patient 16 min 0.7 0.156 × 0.156 80 × 80 GE 1.5T [65] Majumdar et al. 

distal radii hip fractures patient NA 0.5 0.156 × 0.156 80 × 80 GE 1.5T [16] Majumdar et al. 

distal radii NA specimen 58 min (1)  
16 min (2) 

0.3 (1)  
0.9 (2) 0.153 × 0.153 49×78 SE 1.5T [79] Link et al. 

prox. femur NA specimen 74 min (1)  
27 min (2) 

0.3 (1)  
0.9 (2) 0.195 × 0.195 75 × 100 SE 1.5T [80] Link et al. 

prox. femur healthy patient 6 min 12 s 1.5 0.234 × 0.234 NA 3D FIESTA 1.5T [71] Krug et al. 

distal tibiae NA specimen 40 min 0.16 0.160 × 0.160 70 × 63 3D FLASE 1.5T [81] Rajapakse et al. 

lumbar spine NA specimen 15 min 23 s 0.41 0.137 × 0.137 70 × 64 × 13 3D FLASE 1.5T [70] Rajapakse et al. 

distal radii(1) 
distal tibiae(2) 

osteopenic and 
osteoporotic patient 12 min (1)  

16 min (2) 0.4 0.137 × 0.137 70 × 40(1)  
70 × 50(2) 3D FLASE 1.5T [66] Ladinsky et al. 

distal femur cerebral palsy 
(children) patient 9 min 52 s 0.7 0.175 × 0.175 90 3D fast GE 1.5T [82] Modlesky et al. 

distal radii(1) 
distal tibi.ae(2) osteoporotic patient 12 min (1)  

16 min (2) 0.41 0.137 × 0.137 70 × 40 × 13 (1) 
70 × 50 × 13 (2) 3D FLASE 1.5T [83] Rajapakse et al. 

prox. femur NA specimen 16 min 55 s 1.1 0.21 × 0.21 120 TSE 3T [84] Soldati et al. 

prox. femur healthy patient 12 min 43 s 1.5 0.234 × 0.235 NA 3D FIESTA 3T [71] Krug et al. 

distal radii, 
distal tibiae NA specimen < 10 min 0.5 0.156 × 0.156 NA GE 3T [77] Krug et al. 

distal radii, 
distal tibiae NA specimen < 10 min 0.5 0.156 × 0.156 NA GRE 3T [77] Krug et al. 

distal radii, 
distal tibiae NA specimen < 10 min 0.5 0.156 × 0.156 NA SE 3T [77] Krug et al. 

distal tibiae osteoporotic patient 15 min 0.41 0.137 × 0.137 70 × 64 × 13 3D FLASE 3T [69] Zhang et al. 

prox. femur fragility 
fractured patient 25 min 30 s 1.5 0.234 × 0.234 120 FLASH 3T [60] Chang et al. 
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prox. femur long-term 
glucocorticoid patient 15 min 18 s 1.5 0.234 × 0.234 100 FLASH 3T [72] Chang et al. 

distal radii HR+ breast 
cancer patient 7 min 0.34 0.170 × 0.170 65 GE 3T [85] Baum et al. 

distal femur osteoarthritis patient 9 min 18 s 1 0.180 × 0.180 100 3D B-FFE 3T [86] Liu et al. 

prox. tibia osteoarthritis patient 3 min 2.8 0.230 × 0.240 120 × 123 SE 3T [87] MacKey et al. 

prox. tibia, 
distal femur osteoarthritis patient NA 1 0.195 × 0.195 100 FIESTA-c 3T [88] Chiba et al. 

prox. tibia, 
distal femur osteoarthritis patient NA 1 0.195 × 0.195 160 SPGR 3T [88] Chiba et al. 

distal tibiae NA specimen 7 min 0.41 0.137 × 0.137 70 × 53 × 13 3D FLASE 3T [19] Rajapakse et al. 

prox. femur NA specimen 16 min 45 s 1.5 0.13 × 0.13 130 TSE 7T [89] Soldati et al. 

prox. femur NA specimen 37 min 36 s 0.5 0.170 × 0.170 140 × 140 GRE 7T [62] Guenoun et al. 

distal tibiae healthy patient 19 min 10 s 0.5 0.156 × 0.156 NA SE 7T [17] Krug et al. 

distal tibiae healthy patient 18 min 25 s 0.5 0.156 × 0.157 NA FP 7T [17] Krug et al. 

vertebrae (1 
axial, 2 sagittal) NA specimen 34 min (1)  

51 min (2) 
0.4 (1)  
0.5 (2) 0.170 × 0.170 140 × 140 GRE 7T [90] Guenoun et al. 

distal femur fragility 
fractured patient 7 min 9 s 1 0.234 × 0.234 120 FLASH 7T [18] Chang et al. 

femurs, tibiae, 
vertebrae NA specimen 120 min 0.05 0.05 × 0.05 6.4 × 6.4 × 25.6 SE 9.4T [91] Rajapakse et al. 

 

3.2. Microstructure Investigation 
In the majority of MRI literature, the morphological parameters that are reported are 

BVF, Tb.Th, Tb.Sp, and Tb.N (Roland Krug et al. 2005a; R. Krug et al. 2008a; Hipp et al. 
2009). In addition, some groups have proposed some other features such as an erosion 
index, trabecular rod- and plate-like structures, trabecular plate-to-rod ratio, trabecular 
isolation, and fractal lacunarity (G. Chang, Honig, et al. 2015a; Zaia et al. 2021). 

These microarchitectural parameters have been generated from the post processing of 
both 2D and 3D images. The corresponding analyses were performed in binarized images 
or in original grey level intensities. All these approaches have tried to take into account 
partial volume effects occurring given the poor resolution of MRI as compared to the 
trabeculae dimension (D. Guenoun et al. 2020a; Chamith S. Rajapakse et al. 2010a; Soldati, 
Bendahan, et al. 2020). So far, no standard reference has been suggested. 

Studies performed at different MRI field strength in postmenopausal woman with 
fragility fractures have illustrated microstructural alterations (reduced BVF and 
increased Tb.Sp) whereas DXA T-scores were unchanged. In a study conducted in distal 
radii at 1.5T, Kijowsky et al. showed that post-menopausal woman had a slightly lower 
(−9%) bone volume fraction and a higher erosion index (+17%) compared to controls 
(Kijowski et al. 2012). Krug et al. in a study conducted on the proximal femurs of six 
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healthy males and females using both 1.5T and 3T MRI showed good correlation (r up to 
0.86) between structural parameters obtained from the two different field strengths. 
However, they reported that bone structure of the proximal femur was substantially 
better depicted at 3T than 1.5T (Roland Krug et al. 2005a). Microstructure alterations have 
been reported in a large variety of cases including chronic kidney disease (CKD) (Sharma, 
Toussaint, Elder, Masterson, et al. 2018; Ruderman et al. 2020), HIV-infection (Kazakia et 
al. 2018) glucocorticoid-induced osteoporosis (G. Chang, Rajapakse, et al. 2015a), or 
disuse osteoporosis (Modlesky, Subramanian, and Miller 2008). 

In a 3T MRI study conducted in distal tibiae of 20 patients with CKD, Ruderman et al. 
reported trabecular deterioration together with reduced cortical thickness (Ruderman et 
al. 2020). Moreover, a study conducted on 30 patients affected by end stage renal disease 
(ESRD) it has been shown that Tb.N, Tb.Th, and whole bone stiffness were significantly 
lower (p < 0.01) is ESRD compared to controls (Leonard et al. 2019). A similar study 
conducted on distal tibiae of 11 kidney transplant recipient patients have high-lightened 
post-transplant deterioration in trabecular bone quality (Sharma, Toussaint, Elder, 
Rajapakse, et al. 2018). In a study conducted in proximal femurs at 3T, glucocorticoid 
treated patients had a largely reduced (−50.3%) Tb.N, trabecular plate-to-rod ratio 
(−20.1%), and a largely increased (+191%) Tb.Sp (G. Chang, Rajapakse, et al. 2015a). 
Patients with a disuse osteoporosis displayed similar anomalies for BVF (−30%), Tb.N 
(−21%), Tb.Th (−12%), and Tb.Sp (+48%) (Modlesky, Subramanian, and Miller 2008). 
Chang et al. (G. Chang, Honig, et al. 2015a) further supported and extended these results 
in a study conducted in distal femur at 7T. In 31 subjects with fragility fractures, they 
reported a lower BVF (–3%), Tb.N (–6%), and erosion index (–6%). Moreover, in a 7T MRI 
study conducted in the distal radius of 24 women, Griffin et al. reported a trabecular bone 
microarchitecture gradient with an overall higher quality (+123% BVF, +16% Tb.N) 
distally (epiphysis) than proximally (diaphysis) (Griffin et al. 2017). 

Ultra-high field MRI can provide images with a smaller pixel size (0.156×0.156 mm) as 
compared to the resolution achieved at lower field strength (0.234×0.234 mm for example 
at 3T (Roland Krug et al. 2005a)(Roland Krug et al. 2008a)). In a dual 3T-7T study 
conducted in distal tibiae of 10 healthy volunteers, Krug et al. reported that metrics 
computed at higher field strength were different than those quantified from 3T MR 
images. More specifically, UHF measurements illustrated increased BVF (+22%) and 
Tb.Th (+25%) whereas Tb.Sp (−21%) and Tb.N (−4%) were both decreased (Roland Krug 
et al. 2008b). These results suggest a higher discriminative power of UHF MRI for 
trabecular features. 
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3.3. Microstructure vs. DXA 
In a study conducted in 32 postmenopausal women, Kang et al. showed a good 

correlation between DXA-based BMD and MRI T2 and T2 * in calcaneus (r = −0.8, p < 
0.001) and spine (r = −0.53, p = 0.002) (Kang et al. 1999). Similar results have been reported 
for the femoral neck (Majumdar et al. 1997a; Guglielmi et al. 1996) with a good correlation 
(r = 0.74, p < 0.001) between DXA-based BMD and T2 * values (Arokoski et al. 2002a). T2 
* relaxation time illustrates the susceptibility differences between trabecular and bone 
marrow leading to signal loss due to magnetic field inhomogeneities. MRI-derived T2 * 
has been shown to correlate with DXA results in several anatomical areas such as 
calcaneus, distal radius, and Ward’s area in the femoral neck (Brismar 2000; Stephan 
Grampp et al. 1996). Based on T2 * measurements, Schmeel et al. reported a significant 
difference between benign and malignant neoplastic vertebral compression fractures 
(VCFs). A 72% diagnostic accuracy was computed (Schmeel, Luetkens, Feißt, et al. 2018). 
Furthermore, a strong negative correlation was found between the pelvic bone marrow 
adipose tissue (BMAT) calculated in 56 healthy women using MRI and the corresponding 
DXA-based BMD (r = −0.646, p < 0.001) (Shen et al. 2007). The negative correlation 
indicates that patients with decreased bone mineral density are characterized by an 
increased fat content in bone marrow (Shen et al. 2007; Griffith et al. 2005; Woods et al. 
2020). 

Based on highly resolved MR images (0.150–0.300 mm in-plane pixel size), Chang et 
al. showed a lack of significant correlation between DXA-computed BMD T-scores and 
MRI computed microarchitectural parameters in the femoral neck in both controls and 
glucocorticoid-treated patients (G. Chang, Rajapakse, et al. 2015a; G. Chang et al. 2018a). 
Similar results were also reported more recently in subchondral tibiae (Agten et al. 2018), 
proximal femurs (D. Guenoun et al. 2020a; Soldati, Bendahan, et al. 2020), vertebrae 
(Daphne Guenoun et al. 2017a), and on patients affected by diabetes (S. C. Chen et al. 
2019; Abdalrahaman et al. 2017). Guenoun et al. reported that the combination of BVF 
and BMD was able to improve the prediction of the failure stress (from r2 = 0.384 for 
BMD alone to r2 = 0.414). All the presented results suggest that although density and 
structure metrics illustrate bone quality, microarchitectural parameters provide 
additional information regarding skeletal fragility. 

 

3.4. Voxel Size and Microstructure 
Results from the literature showed that image resolution is a key parameter for the 

assessment of bone microarchitecture. Importantly, a distinction must be made between 
in-plane and through-planes resolution. For specific oriented plane (mostly 
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perpendicular to the trabecular), an in-plane MRI pixel size in the same order of 
magnitude than Tb.Th dimension is enough to measure morphological parameters 
similar to those extrapolated using gold standard method and so both ex vivo (µCT) 
(Soldati, Bendahan, et al. 2020; Soldati, Pithioux, et al. 2020) and in vivo (HR-pQCT) (R. 
Krug et al. 2008a). If one intends to assess bone microstructure using small isovolumetric 
voxels (0.15 mm), close to the actual thickness of the trabeculae, with an acceptable SNR, 
acquisition times would exceed the in vivo acceptable duration. One can increase the SNR 
and reduce the acquisition time with an increased slice thickness while keeping the plane 
pixel size constant. Accordingly, the radius morphological parameters computed from 
similar in-plane pixel sizes and different slice thicknesses (0.156×0.156×0.3 mm 
(Majumdar et al. 1996a), 0.156×0.156×0.5 mm (Majumdar et al. 1999a; Kindler et al. 2017), 
0.156×0.156×0.7 mm (Majumdar et al. 1997a), and 0.153×0.153×0.9 mm (Thomas M. Link 
et al. 2003a)) were comparable. In fact, the bone inner microarchitecture appeared to be a 
mixture of oriented plates- and rod-like structures. The parallel trabecular plates 
structures are separated by bone marrow and are perpendicular to the coronal plane 
(Koshi 2017). On that basis, increasing the in-plane pixel size should provide more 
accurate results independently of the slice thickness. As reported by Mulder et al., the 
calculated volume of ellipsoid at high resolution (0.1×0.1 mm) is independent from the 
anisotropy factor but related to the orientation (Mulder et al. 2019a). 

Different studies performed in distal radii at 1.5T, using similar in-plane pixel size and 
using different slice thicknesses above 0.3 mm, reported comparable morphological 
results (Majumdar et al. 1996a; 1999a; Kijowski et al. 2012). However, in a study 
conducted by Majumdar et al. in 39 distal radii specimens acquired using 1.5T MRI and 
contact radiograph, 0.9-mm thick MR images performed better than those obtained from 
0.3-mm images. This was explained with the significantly higher SNR (18.2 in 0.9-mm 
thick images and 9.3 in 0.3-mm sections) (Thomas M. Link et al. 2003a). Similar results 
were obtained in vivo in distal radii scanned at 1.5T (0.156×0.156×0.5 mm) with an 
acceptable SNR around 10 (Techawiboonwong et al. 2005a). Moreover, wrists and distal 
tibiae scanned in patients using 1.5T with pixel sizes in the same range of trabecular 
thickness (0.156×0.156×0.410 mm (Ladinsky et al. 2007) and 0.137×0.137×0.410 mm (C. S. 
Rajapakse et al. 2014)) reporting lower acquisition time for wrist (12 min) than for tibiae 
(16 min) and good image quality in both anatomical regions. In a second study conducted 
by Majumdar et al., 31 cadaveric proximal femurs were scanned at 1.5T with an in-plane 
pixel size of 0.195×0.195 and comparing two different slice thicknesses (0.9 and 0.3 mm). 
The SNR achieved was 25.2 and 13.8 for the larger and smaller slice thickness 
respectively. The corresponding acquisition times were very long (27:19 and 73:14 min), 
i.e., much longer than what could be accepted in clinics (T.M. Link et al. 2003). 
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The knee articulation has also been assessed in the study of Rajapakse et al., 17 distal 
tibiae specimens were scanned at 3T (0.137×0.137×0.410 mm) in 7 min (Chamith S. 
Rajapakse et al. 2018a). These results where extended in vivo by Zhang et al., in the distal 
tibiae of 20 postmenopausal women with osteoporosis. The scanning time using 3T MRI 
(0.137×0.137×0.410 mm) was less than 15 min (N. Zhang et al. 2013). Krug et al. further 
confirmed these results in a study comparing 3T MRI (0.156×0.156×0.5 mm) and X-ray 
based techniques both ex vivo (5 tibiae and 3 radii) and in vivo (5 radii and 6 tibiae). 
While the scanning time was less than 10 min, correlations were reported between both 
methods and so for the whole set of parameters, i.e., BVF (r = 0.83) and Tb.Sp (r = 0.7) (R. 
Krug et al. 2008b). Liu et al. also reported 3T MR images (pixel size 0.180×0.180 mm, acq. 
time 9:18 min) of 92 distal femurs divided in three groups (without osteoarthritis, mild 
osteoarthritis, and severe osteoarthritis) reporting progressively lower BVF and higher 
erosion index from healthy patients to those affected by severe osteoarthritis (C. Liu et al. 
2018), extending previous results (C. Liu et al. 2017; MacKay et al. 2017; Bolbos et al. 2008). 

 

3.5. Main Magnetic Field Strength Effect 
The technical advantages of moving from 1.5T to 3T or 7T MR scanners were clearly 

visible in the acquisition of deeper anatomical sites keeping the spatial pixel size in the 
same order of the trabecular thickness, the acquisition time (acq. Time), and the SNR (>10) 
being clinically compatible. On that basis, 7T MR scanners have been tested mostly for 
the acquisition of distal and proximal femur, which represent a clinical important fracture 
site and one of the most invalidating (van Oostwaard 2018). 

In a comparative study conducted in vivo in proximal femur at 1.5 and 3T, Krug et al., 
reported as expected a 1.6 time-SNR increase together with a corresponding contrast-to-
noise ratio (CNR) increase at higher magnetic field. While the 3T images clearly showed 
the trabecular bone structure, the image resolution did not allow a proper trabecular 
morphological analysis (Roland Krug et al. 2005a). In a more recent study in the knee 
joint of 16 healthy volunteers scanned at 1.5T (0.6×0.6×0.6 mm, acq. time 7:15 min) and 
3T (0.5×0.5×0.5 mm, acq. time 6:51 min), Abdulaal et al. reported significantly higher SNR 
(p < 0.05) allowing a better trabecular characterization at 3T than 1.5T (Abdulaal, n.d.). 
Moreover, 3T MRI could be used to successfully scan radii with an in-plane pixel size 
comparable to the trabecular thickness and an acquisition time (10 min) lower than what 
commonly needed at 1.5T (Kindler et al. 2017; Folkesson et al. 2011). Jarraya et al., on a 
study conducted in 50 distal radii scanned at both 3T (0.2×0.2×2.0 mm, acq. time 4:29 min) 
and 7T MR (0.125×0.125×2.0 mm, acq. time 3:16 min), reported a statistical significant 
difference of horizontal and fractal dimensions between patients with chronic wrist 
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disease and controls (Jarraya et al. 2021). A similar comparative analysis has been 
performed between 3T and 7T MRI (0.156×0.156×0.5 mm, acq. time lower than 10 min) 
and HR-pQCT. Krug et al. showed that tibial trabecular structures were over-represented 
at higher field strength. Due to susceptibility-induced broadening smaller trabeculae 
normally not visible due to partial volume effects may be emphasized at 7T (Roland Krug 
et al. 2008b). Moreover, using UHF MRI (0.234×0.234×1.0 mm, acq. time 7 min), Chang et 
al. reported that microarchitectural parameters could discriminate between patients and 
controls and could detect bone deterioration in women with fragility fractures for whom 
BMD was normal (G. Chang, Honig, et al. 2015a). In addition to the effects of magnetic 
field strength, Krug et al. also assessed the potential differences between GRE and TSE 
sequences at 7T. SNR was slightly higher for GRE sequences (13.2 vs. 11.9) while the bone 
marrow signal was more homogeneous using TSE sequences. This large homogeneity is 
related to a reduced susceptibility-induced broadening of the trabeculae so that the 
morphological analysis showed decreased BVF (−13%) and Tb.Th (−23%). These values 
were closer to those reported using the HR-pQCT reference method (Roland Krug et al. 
2008b). Furthermore, in a study conducted in three cadaveric proximal femurs scanned 
at 7T (0.130×0.130×1.5 mm, acq. time 16 min) and using µCT, Soldati et al. reported no 
statistical difference between the methods and so for the whole set of morphological 
parameters (Soldati, Bendahan, et al. 2020). These preliminary results strongly suggest 
that UHF MRI could be of interest for the in vivo assessment of bone microarchitecture 
particularly for the deep anatomical regions. 

 

3.6. Comparison with CT Measurements 
Validation of the bone morphological parameters derived from the high-resolution 

MR images has usually been performed through the comparison with X-ray based 
techniques (qCT, HRpQCT, and μCT). 

 
Ex-vivo 
Ex vivo studies have been performed in different body parts. However, due to the 

samples size (<5 cm3) and the commonly used preparation protocols (replacement of 
marrow), they remain poorly representative of the in vivo conditions (Hipp et al. 2009; 
Majumdar et al. 1996a; Thomas M. Link et al. 2003a; Soldati, Bendahan, et al. 2020; 
Weiger, Stampanoni, and Pruessmann 2013). One of the first studies validating MR bone 
structure measurements was performed by Hipp et al. in cubic bovine trabecular bone 
from several anatomical sites using optical and micro-MRI methods. BVF and Tb.N were 
linearly related (r2 = 0.81 and r2 = 0.53 respectively) and did not differ statistically (p = 
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0.96 and p = 0.17) (Hipp et al. 2009; Weiger, Stampanoni, and Pruessmann 2013). These 
results were confirmed and extended in human specimens by Majumdar et al., in a study 
conducted in 7 cubic specimens of trabecular bone extracted from cadaveric radii scanned 
at 1.5T (0.156×0.156×0.3 mm) and using μCT (0.018 mm isovolumetric). The results 
showed a good correlation for the whole set of metrics with BVF and Tb.Th performing 
the best (r = 0.77 and 0.87 respectively) and Tb.Sp and Tb.N the worst (r = 0.53 and 0.6 
respectively). However a significative statistical difference (p > 0.01) was reported for all 
the calculated features (Majumdar et al. 1996a). MRI images with an in plane pixel-size 
lower than the smallest trabecular thickness order (0.1 mm) are not easily reachable. On 
that basis, one cannot expect to fully characterize it.  

 
Figure 1. 7: Comparison between MRI and CT. (first row) MR images of in vivo distal tibia 

acquired using gradient echo sequence at 7T MRI (a) (0.156×0.156×0.5 mm) and 3T MRI (b) 
(0.156×0.156×0.5 mm), and compared with high-resolution peripheral computed tomography 
(HR-pQCT) (c) (0.082 mm3) (reproduced from J. of Mag. Res. Im. 27:854–859 (2008)). (second 
row) MR images of cadaveric proximal femur acquired using turbo spin echo sequence at 7T MRI 
(d) (0.13×0.13×1.5 mm) and 3T MRI (e) (0.21×0.21×1.1 mm), and compared with µCT (f) (0.051 
mm3). Note that using MRI, the trabecular bone appears black and bone marrow delivers the 
bright signal whereas for HR-pQCT and µCT the trabecular bone is shown bright. Additionally, 
note that the trabecular network is clearly more enhanced at 7T compared to 3T. 

Moreover, these findings were further extended in a larger study conducted in 39 
distal radius specimens scanned at 1.5T MRI (0.152×0.152×0.9 mm) and using contact 
radiography (0.05 mm isovolumetric). The results showed a significant correlation (r > 
0.61) between bone microstructure parameters derived from both methods with Tb.Sp 



Chapter 1, Part II 

 
49 

 

and BVF providing the highest correlations (r = 0.69 and p = 0.75 respectively) (Thomas 
M. Link et al. 2003a). More recently, Rajakapse et al. conducted a study in 13 cylindrical 
specimens (7 proximal femurs, 3 proximal tibiae, and 3 third lumbar vertebrae) extracted 
from 7 human donors and computed microarchitectural parameters using 9.4T micro-
MRI (0.050 mm isovolumetric) and μCT (0.021 mm isovolumetric). Architectural 
parameters were found to highly correlate between these two modalities with a slope 
close to unity (r2 ranging from 0.78 to 0.97) (Chamith S. Rajapakse et al. 2009a). In a more 
recent study conducted in three cadaveric entire proximal femurs evaluating the 
trabecular morphology using 7T MRI (0.13×0.13×1.5 mm) and comparing the results with 
those acquired using μCT (0.051 mm isovolumetric) (Fig. 1.7), Soldati et al. showed a good 
intraclass correlation coefficient for all the parameters (ICC > 0.54) between 7T and μCT 
(Soldati, Bendahan, et al. 2020) illustrating that bone morphological metrics of human 
specimens can be properly assessed using MRI. Moreover, due to the comparison 
between MR images and gold standard high-resolution CT images, it has been shown 
that trabecular features derived from images with a similar pixel size provide statistically 
comparable results. However, when assessing bone trabeculae using MRI, partial volume 
effects will occur and will affect image segmentation and trabeculae quantification. 
 

In-Vivo 
The MRI potential for the bone microstructure has also been assessed in vivo in 

anatomical regions more affected by osteoporosis, i.e., tibiae and radii, vertebrae 
(Majumdar et al. 1997a; H.-Z. Wu et al. 2020; Bandirali et al., n.d.), distal (G. Chang, 
Honig, et al. 2015a; C. Liu et al. 2017; 2018; Chiba et al. 2012; Bolbos et al. 2008), and 
proximal femurs (G. Chang, Deniz, et al. 2014a; Roland Krug et al. 2005a; G. Chang, 
Rajapakse, et al. 2015a). Microarchitectural parameters extrapolated from 3T MRI 
(0.156×0.156×0.5 mm) and compared to HR-pQCT of tibiae and radii of 11 healthy 
volunteers showed good correlation for BVF (r = 0.83) and Tb.Sp (r = 0.7) in tibiae and 
good correlation for all the microarchitecture parameters investigated in radii (r = 0.65, 
0.95, 0.83, and 0.63 for BVF, Tb.N, Tb.Sp, and Tb.Th respectively) (R. Krug et al. 2008a). 
Kazakia et al. extended these results in a study conducted in tibiae and radii of 52 
postmenopausal scanned at 3T MRI (0.156×0.156×0.5 mm) and using HR-pQCT. A 
significant correlation between MRI and HR-pQCT has been reported for Tb.N (r2 = 0.52) 
and Tb.Sp (r2 = 0.54–0.60) with no statistical difference for these two parameters. Poor 
correlations were reported for BVF and Tb.Th (r2 = 0.18–0.34) (Kazakia et al. 2007). 
Similar results were also reported by Folkesson et al., in a study conducted in 52 
postmenopausal women scanned at 3T (0.156×0.156×0.5 mm) and using HR-pQCT in 
both tibiae and radii. All the structural parameters derived from MRI were highly 
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correlated to those obtained from HR-pQCT (Tb.N was equal to 0.68 and 0.73 and Tb.Sp 
was equal to 0.77 and 0.67 for tibiae and radii respectively) with the exception of BVF and 
Tb.Th for which correlations were less significant (BVF was equal to 0.61 and 0.39 and 
Tb.Th was equal to 0.43 and 0.32 for tibiae and radii respectively) (Folkesson et al. 2011). 
Furthermore, Krug et al. confirmed and extended these results in a study conducted in 
distal tibiae of 10 healthy volunteers scanned at 3T and 7T (0.156×0.156×0.5 mm for both 
techniques). The results showed that microarchitectural parameters extracted from HR-
pQCT images had higher correlation with those extracted from 7T MR images (r equal to 
0.73 for BVF, 0.69 for Tb.N, 0.89 for Tb.Sp, and 0.13 for Tb.Th) as compared to 3T MR 
images (r = 0.83, 0.49, 0.67, and 0.15 for BVF, Tb.N, Tb.Sp, and Tb.N respectively) (Fig. 
1.7). Interestingly, the corresponding absolute values did only differ by 0.6% for 7T and 
3% for 3T (Roland Krug et al. 2008b). All the findings reported above indicate good 
correlations for Tb.Sp and Tb.N between MRI and HR-pQCT. In contrast, this was not 
the case for BVF and Tb.Th. The limited resolution in MRI leads to partial volume effects 
responsible for the exclusion of the smallest trabeculae, while susceptibility artifacts 
enhance the remaining trabeculae leading to an overestimation of Tb.Th. This double 
effect seems limited when using UHF MRI. Indeed, good correlations were found 
between MRI and HR-pQCT metrics although a poor correlation was still existing for 
Tb.Th. 

 

3.7. Reported Limitations 
The main limitation reported regarding the bone morphology evaluation using MRI is 

related to partial volume effects resulting from the ratio between the resolution offered 
by the MR machines and the trabecular dimension. The minimum trabecular size is in the 
order of 0.1 mm. If the pixel size is larger than this limit, trabecular broadening would 
occur. In the worst possible scenario, trabecular broadening would cause the 
disappearance or the aggregation of the finest trabeculae leading to over- or 
underestimation of the main morphological characteristics (Majumdar et al. 1996a; D. 
Guenoun et al. 2020a; Roland Krug et al. 2008b; Chamith S. Rajapakse et al. 2009a; Soldati, 
Bendahan, et al. 2020). Majumdar et al. reported an overestimation of the BVF (3 times) 
and the Tb.Th (3 times) and an underestimation of the Tb.Sp (1.6 times) in the MR images 
(0.156×0.156×0.3 mm) compared to the 18-µm µCT images (Majumdar et al. 1996a). Many 
studies conducted in different anatomical sites both in vivo and in vitro have shown that 
increasing the main magnetic field strength may emphasize small trabecular structures, 
normally not visible due to partial volume effects and susceptibility-induced broadening 
(Roland Krug et al. 2008b; Soldati, Bendahan, et al. 2020). Moreover, several studies have 
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shown that spin echo sequence are less prone to partial volume effects than gradient echo 
ones (R. Krug et al. 2008a; Roland Krug et al. 2008b; Soldati, Pithioux, et al. 2020). In 
particular, Krug et al. compared gradient echo and spin echo sequences at 7T and the 
results showed that SE sequence provided decreased BVF (−13%) and Tb.Th (−23%) and 
an increase in Tb.N (13%) and Tb.Sp (1%) as compared to gradient echo (Roland Krug et 
al. 2008b). SE sequences have shown their higher discriminative power to resolve the 
bone microstructure due to a more homogeneous bone marrow signal. However, at UHF 
spin-echo sequences should be used carefully due to a specific absorption rate (SAR) that 
limits the number of acquirable images. Soldati et al. reported a maximum number of 10 
acquired images using a turbo spin echo sequence at 7T in approximately 16 min. 

MR imaging conducted in cadaveric specimens may suffer from an additional 
limitation related to air bubbles trapped in the trabecular network and leading to 
magnetic susceptibility effects (Chamith S. Rajapakse et al. 2009a; Soldati, Bendahan, et 
al. 2020). Air bubbles provide grey level intensities similar to the bone signal so that pixel 
misclassification could be expected. In order to properly perform MRI acquisition of 
cadaveric specimens air bubbles have to be removed using different strategies that have 
been reported and validated through images analysis (Chamith S. Rajapakse et al. 2009a; 
Soldati, Bendahan, et al. 2020; R. Krug et al. 2008b). The common strategy used mainly 
for small specimens (<5 cm3) is related to the bone marrow removal through a gentle 
water jet, the immersion in 1 mM Gd-DTPA saline solution to simulate the bone marrow 
magnetic response and the removal of air bubbles using centrifugation (approximately 
between 5× to 6× g, for 5 min) (Majumdar et al. 1996a; R. Krug et al. 2008b; Chamith S. 
Rajapakse et al. 2009a). Hipp et al. reported an alternative solution consisting in filling 
marrow spaces with confectioners’ sugar to provide contrast between bone and marrow 
(Hipp et al. 2009). More recently, Soldati et al. reported no trabecular misclassification 
due to air bubbles by combining vacuum application and vibrational forces to large 
cadaveric specimens (entire proximal femurs) immersed in 1 mM Gd-DTPA saline 
solution (Soldati, Bendahan, et al. 2020). 
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4.  Prospectives 

In this chapter we provide an overview of the most recent results reported in the 
literature, which are related to the assessment of bone marrow using magnetic resonance 
spectroscopy and chemical shift encoding MRI, bone phosphorus content, and bone 
mineral density using solid-state MRI and quantitative susceptibility measurements. 
These techniques are considered promising to further investigate bone quality. 

 

4.1. Magnetic Resonance Spectroscopy vs. Chemical 
Shift Encoding-MRI 

Several MRI studies have shown that bone marrow, which is mainly composed by 
adipocytes (yellow marrow regions) and hematopoietic red blood cells (red marrow 
regions), may play a key role in the bone health and metabolism. Moreover, it has been 
reported that distinct alterations become increasingly evident when comparing 
osteoporotic subjects to controls (Fazeli et al. 2013; Sollmann et al. 2020). The bone 
marrow fat content can be assessed from bone marrow fat fraction (BMFF) and proton 
density fat fraction (PDFF) measurements (Sollmann et al. 2020; Reeder, Hu, and Sirlin 
2012). Bone marrow has been actually investigated using magnetic resonance 
spectroscopy (MRS) and chemical shift encoding based water fat MRI (CSE-MRI). 

Up to now, the most frequently used technique for bone marrow quantification has 
been the single-voxel proton MRS, which is also considered the gold-standard. Based on 
a localized scheme, water and fat components can be quantified on the basis of their 
respective resonance frequencies. Point-resolved spectroscopy (PRESS) and stimulated 
echo acquisition mode (STEAM) have been mainly used. Given that the STEAM sequence 
allows shorter TEs as compared to PRESS, a higher signal can be expected for the short-
T2 water component of the BM spectrum (Sollmann et al. 2020). 

MRS has been used to assess BMFF at the spine level (S. C. Chen et al. 2019; Singhal et 
al. 2018; Cordes et al. 2015; R. Chang et al. 2020; He, Fang, and Li 2019; Karampinos et al., 
n.d.; Sheu et al. 2018) and fewer studies have been devoted to the proximal femur 
(Manenti et al. 2013; Pietro 2015; Ismail et al. 2021). Correlations between BMFF and BMD 
or T-scores have been repeatedly reported. BMFF is elevated in osteoporotic patients and 
negative correlations have been reported between BMFF and BMD. He et al., in a study 
conducted in L2–L4 vertebrae of 123 subjects (49 with normal bone density, 38 with 
osteopenia and 36 with osteoporosis) scanned using PRESS at 3T (voxel size 15×15×15 
mm3) showed that BMFF was increased in patients with reduced BMD values while the 
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metrics were negatively correlated (r = −0.82, p < 0.001) (He, Fang, and Li 2019), further 
confirming previous results on the lumbar spine (L1-L2) and proximal femurs (E. W. Yu 
et al. 2017). In a study conducted in femoral neck of 33 postmenopausal woman using 3T 
MRS (PRESS sequence, single voxel 15×15×15 mm3), Di Pietro et al. reported larger 
content of methylene (L13), glycerol (L41,L43), and total lipid in osteoporotic subjects 
(Pietro 2015). There changes suggest that MRS of bone marrow lipid profiles from 
peripheral skeletal sites might be a promising screening tool to identify individuals with 
or at risk of developing osteoporosis (Pietro 2015; Singhal and Bredella 2019). 

CSE-MRI can be used to obtain a spatially resolved quantification of BMFF. Multi-echo 
GRE sequences are commonly used with an appropriate selection of experimental 
parameters (i.e., small flip angle to reduce T1 bias, and distinct correction of T2* decay 
effects during the postprocessing stage) (Sollmann et al. 2020; Karampinos et al., n.d.; 
2018; Ruschke, n.d.). T2* decay effects have to be particularly considered when measuring 
the PDFF. In fact, T2* of trabecular bone is reduced due to microscopic magnetic field 
inhomogeneity effects (Sollmann et al. 2020). 

A good agreement has been reported between BMFF measured using MRS and CSE-
MRI for both spine and proximal femur (G. Li et al. 2017; Ruschke et al. 2017; Martel, 
Leporq, Saxena, et al. 2018). At the spine level, BMFF has been reported as increased in 
osteoporotic patients and inversely correlated with BMD and T-scores (Sollmann et al. 
2020; G. Li et al. 2017; Y. Zhao et al. 2019). At the proximal femur level, Martel et al., 
reported a higher saturation (+14.7% to +43.3%), and a lower mono- (−11.4% to −33%) 
and polyunsaturation (−52% to −83%) in postmenopausal women. More specifically, red 
marrow of postmenopausal women showed a lower fat content (−16% to −24%) and a 
decreased polyunsaturation (−80% to −120%) in the femoral neck, greater trochanter, and 
Ward’s triangle (Martel, Leporq, Bruno, et al. 2018). In another study, it has been reported 
that PDFF derived from CSE-MRI would discriminate benign osteoporotic and malignant 
vertebral fractures. Accordingly, Schmeel et al. reported that both PDFF and PDFFratio 
(fracture PDFF/normal vertebrae PDFF) of malignant VCFs were significantly lower as 
compared to acute benign (PDFF, 3.48±3.30% vs. 23.99±11.86% (p < 0.001) and PDFFratio, 
0.09±0.09 vs. 0.49±0.24 (p < 0.001)). The corresponding areas under the curve were 0.98 
and 0.97 for PDFF and PDFFratio respectively providing a 96% and 95% accuracy for the 
discrimination between acute benign and malignant VCFs (Schmeel, Luetkens, Enkirch, 
et al. 2018). CSE-MRI conducted in 156 subjects at 3T (8 echoes 3D spoiled gradient echo 
sequence, voxel size 0.98×0.98×4.00 mm, acq. time 1:17 min), showed that vertebral bone 
marrow heterogeneity is primarily dependent on sex and age but not on anatomical 
location suggesting that future studies should investigate the bone marrow heterogeneity 
with regards to aging and disease (Dieckmeyer et al. 2020). Baum et al. in a study 
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conducted on the whole spine of 28 young and healthy patients using CSE-MRI at 3T (8 
echoes, acq. time 3:15 min), extend these results reporting that the repeatability of PDFF 
measurements expressed an averaged absolute precision error of 1.7% over C3-L5 (Baum 
et al. 2015). 

MRS and CSE-MRI have enabled the evaluation of the nonmineralized bone 
compartment and the extraction of the PDFF. The marrow adipose tissue has shown to 
have a role in bone health, through its paracrine and endocrine interaction with the other 
bone components. However, the implication of marrow adipose tissue in physiological 
and pathological conditions remains unclear (Gómez et al. 2020). 

 

4.2. MR Susceptibility 
Magnetic susceptibility is the macroscopic physical quantity that describes the tissue’s 

induced magnetization in the presence of an external magnetic field. Since the early days 
of MRI, susceptibility quantification has been considered as of paramount interest given 
that it is related to the tissue’s chemical composition. Even a small susceptibility change 
can lead to field distortions that could be quantified. This has been achieved through SWI 
(susceptibility weighted imaging) (Haacke, Xu, and Cheng, n.d.; Rauscher et al. 2006) and 
quantitative aspects could be computed from MRI phase and magnitude signals by 
means of QSM (quantitative susceptibility mapping) (Schweser 2015; Deistung, 
Schweser, and Reichenbach 2017) . 

Dense calcified tissues, such as bone, show a strong diamagnetic behavior. On that 
basis, QSM (Dimov et al. 2018) could be used to assess bone mineral changes (W. Chen et 
al. 2014). Although QSM has been largely developed for brain imaging (Haacke et al. 
2015; W. Li, Wu, and Liu 2011) , the corresponding applications for bone are still 
considered very challenging. Cortical bone has a very low signal using conventional echo 
times GRE imaging and water connected to the crystalline mineral structures or to the 
collagen matrix has an ultrashort transverse relaxation time (T2* = 300 μs (Jiang Du et al., 
n.d.) ) thereby showing a non-meaningful signal for QSM. In order to overcome this issue, 
ultrashort echo-time (UTE) GRE imaging (Dimov et al. 2018)  has been developed to 
obtain phase information for reliable QSM, which may be used in the evaluation of BMD 
(Y. Chen et al. 2018) . 

For example, correlations between QSM and BMD have been studied through clinical 
MRI sequences in spine and ankle trabecular bones (Y. Chen et al. 2018; Diefenbach et al. 
2019) . In Chen et al. (Y. Chen et al. 2018), the efficacy of QSM in the assessment of 
osteoporosis for post-menopausal women was investigated. The L3 vertebrae body of 70 
post-menopausal women was studied through a multi-GRE UTE sequence on a 3T MR 
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system (TR = 20 ms, TE = 0.142, 2.4, 4.6, and 6.8 ms, voxel size = 1.0×1.0×2.0 mm, and acq. 
time = 10 min) and a qCT examination. Based on qCT values, individuals were divided 
into normal and affected by osteopenia or osteoporosis. The QSM values were higher for 
the osteoporosis group than in either the normal or the osteopenia group (p < 0.001) and 
showed an highly negative correlation with qCT values (r = −0.72, p < 0.001) (Y. Chen et 
al. 2018). 

Non-UTE multi-GRE sequences can be applied to QSM: ankle in vivo imaging was 
performed by Diefenbach et al. using a time-interleaved gradient-echo sequence (TIM-
GRE) at 3T (9 echoes, TEmin = 1.25 ms with ΔTE = 0.7 ms, voxel size = 1.5×1.5×1.5 mm, 
and acq. time = 7 min) in order to evaluate the feasibility of QSM for trabecular bone 
imaging and investigate its sensitivity for measuring trabecular bone density (Diefenbach 
et al. 2019). Mean susceptibility values in calcaneus regions with different trabecular bone 
density were compared to CT attenuation values. In highly trabecularized regions, qCT 
values showed significant correlation with lower susceptibility values (r = −0.8, p = 0.001) 
(Diefenbach et al. 2019). In addition, differences in calcaneus trabecularization were 
outlined in QSM maps in good agreement with qCT and high resolution MR images. 

Furthermore, cones 3D UTE-MRI techniques have recently been developed showing 
similar susceptibility values but faster scanning process if compared with other different 
sampling strategies (Lu et al. 2019). In Jerban et al. (Jerban, Lu, et al. 2019), cones 3D UTE-
MRI was implemented for ex vivo QSM in order to investigate correlations of 
susceptibility with volumetric intracortical BMD in human tibial cortical bone. Nine tibial 
midshaft cortical bones specimens were scanned in a 3T clinical scanner with a cones 3D 
UTE-MRI sequence for QSM (TE = 0.032, 0.2, 0.4, 1.2, 1.8, and 2.4 ms, voxel size = 
0.5×0.5×2.0 mm, and acq. time = 20 min) and with high-resolution µCT for BMD 
estimation (Fig. 1.8). Average QSM values were calculated in one slice (2 mm thickness) 
at the middle of the specimen and showed a strong correlation with volumetric BMD (r 
= -0.82, p = 0.01) and bone porosity (r = 0.72, p = 0.01). Results in this study highlight the 
potential of 3D cones UTE-MRI QSM as a possible future tool in the in vivo diagnosis of 
bone diseases that can be detected through mineral level variations in cortical bone. 

Despite its potential in providing an x-ray radiation free approach to quantify 
susceptibility in bone tissue, QSM suffers from some limitations. Data processing is 
relatively complex and still under study while data acquisition times are too long if 
compared to clinical MRI sequences. Furthermore, bone susceptibility variations due to 
soft surrounding tissues should be taken into account in future in vivo clinical studies 
and applications. 
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4.3. Solid State MRI 
Solid state MRI has been recently described in a review by Seifert and Wehrli (Seifert 

and Wehrli 2016). One of the main issued faced by MRI of the solid part of bones is the 
extremely weak MR signal. In order to acquire the fast decaying (i.e., short T2*) 1H and 
31P MRI signals in bone, the time between signal excitation, encoding, and acquisition 
must be shorter than the one used in conventional MRI sequences (Seifert and Wehrli 
2016; Gervais, Bonhomme, and Laurencin 2020). Hence, to image short-T2* tissues three 
solid state radial pulse sequences have emerged: ultrashort echo time (UTE) (Glover, 
Pauly, and Bradshaw 1992), zero echo time (ZTE) (Weiger, Pruessmann, and Hennel 2011; 
Jerban et al. 2020), and sweep imaging with Fourier transformation (SWIFT) (Idiyatullin 
et al. 2006; 2012; Mastrogiacomo et al. 2019). The main strategy to image short-T2* tissue 
is to reduce the time delay between the end of the signal excitation and the beginning of 
encoding and acquisition. In UTE, the time delay is reduced by beginning the signal 
encoding and acquisition simultaneously and immediately after the MRI system’s 
transmit/receive switching dead time has elapsed (Glover, Pauly, and Bradshaw 1992; 
Takizawa et al. 2013). In ZTE, signal encoding is begun simultaneously with the 
excitation, but the time delay to signal acquisition is still dictated by the transmit/receive 
dead time resulting in the loss of the first data points in the acquisition (Kuethe et al. 1999; 
Y. Wu et al. 2003; Grodzki, Jakob, and Heismann 2012). In SWIFT, the three steps 
(excitation, encoding, and acquisition) are performed in a finely interleaved (gapped) 
(Idiyatullin et al. 2006) of fully simultaneous (continuous) (Idiyatullin et al. 2012) manner, 
allowing the in vivo imaging of teeth, where the T2* is even shorter than that of bone 
(Idiyatullin et al. 2014). All these sequences have been used ex vivo and in vivo applying 
whole-body MRI scanners at different field strengths. However, in the case of in vivo 
solid-state NMR of tibial shafts, a minimum voxel size of 0.98 mm3 for 1H and 2.5 mm3 
for 31P is required to have enough SNR at an acceptable acquisition time (<10 min for 1H 
and <25 min for 31P) and to avoid SAR limitation (Seifert and Wehrli 2016; X. Zhao et al. 
2017). 

Solid-state MRI could be used to compute total bone water (TW), water bound to the 
collagen matrix (BW), and pore water (PW). Several consistent studies from different 
groups have been reported for bone extremities (Rad et al. 2011; X. Zhao et al. 2017; 
Techawiboonwong et al. 2008; Manhard et al. 2015; J. Chen et al. 2016) showing also the 
ability to differentiate between pre- and post-menopausal women. Techawiboonwong et 
al., in a study conducted in distal tibiae of pre-menopausal and post-menopausal women 
(n = 5 for each group) scanned using an UTE sequence at 3T MRI (pixel size 0.3×0.3×8.0 
mm and acq. time = 9 min) reported a difference in the TW concentration of 17.4% and 
28.7% respectively for the pre- and post-menopausal groups (Techawiboonwong et al. 
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2008). Moreover, BW and PW were acquired in vivo tibiae and wrist of 5 volunteers using 
3T MR scanner (isotropic pixel size of 1.5 mm in the leg and 1.2 in the wrist and acq. time 
= 8–14 min per acquisition) reporting a mean BW of 34.86±2.59 M and a mean PW 
6.14±1.97 M, similar to previously ex vivo observations (Manhard et al. 2015; J. Chen et 
al. 2016; Jerban, Ma, et al. 2019). 

Using 31P NMR, solid-state MRI could also be used to quantitatively assess the mass 
of bone mineral in bone tissue (Kaflak, Chmielewski, and Kolodziejski 2016). An ex vivo 
study conducted in 16 tibiae specimens acquired using ZTE 31P at 7T (pixel size = 3.84 
mm isovolumetric and acq. time = 3 h and 3 min) and 1H at 3T (pixel size = 1.17 mm 
isovolumetric and acq. time = 26 min and 45 sec) by Seifert et al. (Fig. 1.8), reported a 
mean bone mineral 31P density of 6.74±1.22 M and mean BW 1H density of 31.3±4.2 M 
(Seifert et al. 2014a). In addition, 31P and BW densities correlated positively with pQCT 
density (31P: r2 = 0.46, p < 0.05; BW: r2 = 0.50, and p < 0.005), showing that MRI-based 
measurements are able to detect inter-subject variations in apparent mineral and osteoid 
density in human cortical bone using clinical hardware (Seifert et al. 2014a; Chamith S. 
Rajapakse et al. 2015). However, Tamimi et al. in a study conducted on trabecular femur 
head samples collected from patients who had hip fractures and individuals with 
osteoarthritis reported no differences in neither 1H nor 31P between the two groups 
(Tamimi et al. 2020). 

In a more recent study performed on in vivo tibiae of 10 healthy subjects, Zhao et al. 
acquired at 3T 1H UTE (pixel size = 0.98 mm3 and acq. time = 8:20 min) and 31P ZTE (pixel 
size = 2.5 mm3 and acq. time = 22:30 min). They showed no differences in the 31P 
concentration in healthy adults across 50-years of age (X. Zhao, Song, and Wehrli 2018) 
and a strong positive correlation (r = 0.98, p < 0.0001) between bone mineral content 
(BMC) measured using 31P MRI and HR-pQCT (X. Zhao et al. 2017), further extending 
previous in vivo studies (C. Li et al. 2014). 

Therefore, solid-state MRI has shown its potential as translational techniques into 
clinical research and practice providing information related to the mineral composition 
of bone tissue, bound, and pore water. However spatial resolution, SNR, and scan time 
remain key challenges for the solid state MRI (Seifert and Wehrli 2016; X. Zhao et al. 2017; 
Yon et al. 2017). These three characteristics are dependent on each other and a trade-off 
has to be established to retrieve useful information in a clinically acceptable acquisition 
time. Usually, a SNR higher or equal to 10 is recommended and, to maintain the 
acquisition time in an acceptable range, the voxel size is enlarged along the bone axis 
where features are considered to be constant. 
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Figure 1. 8: Solid state MRI and quantitative susceptibility mapping. (first row) Maps of bone 

mineral 31P density, and bound water density (second row) in central slices of 4 human tibial 
cortical bone specimens. Age and gender of bone specimen donors are indicated. Bone mineral 
31P and bound water 1H densities are markedly lower in bones from elderly female donors than 
from younger females or males. 31P maps also suffer from increased point spread function 
blurring because of the lower gyromagnetic ratio and shorter T2 * of 31P. (reproduced from NMR 
Biomed. 27: 739–748 (2014)) (third row) (a) QSM map obtained through Cones 3D UTE-MRI scans 
(0.5×0.5×2 mm voxel size) of a tibial midshaft cortical bone (45-year-old female), (b) one µCT slice 
at 9 µm isotropic voxel size, (c) µCT-based porosity, and (d) BMD map of the same specimen. 
Local maxima in the QSM map correspond to high BMD regions and low porosity values in µCT-
based maps (reproduced from Magn. Res. Im. 62: 104–110 (2019)). 
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5.  Conclusion 

Over the last decades, the multiple technical improvements that have been made in 
MRI have opened new MRI applications such as a bone microarchitecture assessment. 
Up to now, most of the MRI studies conducted in bones have been performed using 1.5T 
and 3T scanners. However, results obtained at UHF showed the technical advantages and 
the higher discriminative power of 7T MRI for the assessment of the bone microstructure 
of the most proximal anatomic locations, including those more affected by osteoporotic 
fractures. The advantages provided by UHF MRI have shown great potential on the bone 
microstructure assessment and made this technique almost ready for a daily clinical 
application. 

Moreover, bone morphological parameters derived from both specimens and patients 
acquired using MRI were shown to provide features in the same range of those derived 
with the gold-standard X-rays techniques, with the great advantage of being completely 
non-invasive for the patients. In addition, MRI was also shown to be able to provide 
supplementary information about the mineral content, i.e., phosphorous density, not 
accessible using X-rays techniques. Furthermore, MRI microarchitecture analysis was 
able to evaluate changes related to age and/or pathology suggesting the great clinical 
potential for MRI in evaluating different bone pathologies, assessing the risk 
stratification, and following the therapy delivery. 

Up to now, BMD derived from DXA measurements was the only parameter used to 
identify bone related pathologies. Several studies have demonstrated that 
microarchitectural parameters provide additional information regarding the skeletal 
fragility and should be integrated with BMD to provide a more comprehensive view of 
the bone quality. MRI is completely radiation free, and the application of UHF MRI made 
accessible the anatomical regions further away from the skin surface, with a resolution in 
the same range of trabecular thickness, and in an acquisition time compatible for in vivo 
clinical use. Moreover, MRI, and in particular UHF MRI, showed to provide bone 
morphological parameters in the same range of gold standard analysis both in specimens 
and patients. 

Finally, MSC and CSE-MRI, solid state MRI, and QSM have shown to be useable in in 
vivo acquisitions providing bone marrow fat quantification, mineral composition of bone 
tissue, bound, and pore water, and magnetic susceptibility quantification. However, for 
the clinical application of solid state MRI and QSM acquisition times would have to be 
reduced. MRI could certainly be added to BMD measurements for a complete analysis of 
bone quality, health, and metabolism. 
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Conclusion of the Chapter 

In this first chapter, it has been presented the bone function and structure focusing on 
it multiscale hierarchy. The principal bone pathologies and the most common clinical 
approaches to evaluate the bone quality and healthy state have been discussed, 
confirming the doubts of using the DXA derived BMD as a only investigative tools and 
supporting the need to provide additional information regarding the bone 
microarchitecture. Then, it has been presented the available imaging techniques to assess 
the bone inner morphology presenting the advantages and disadvantages of each 
technique and suggesting that UHF MRI could provide a non-invasive approach to solve 
this problem, although reporting the necessity of a resolution in the same order of the 
trabeculae dimension (100-150 µm). Finally, new investigative MRI techniques could 
allow to assess both the patient bone microarchitecture and BMD in a completely non-
invasive and radiation-free approach. 

As reported, the most common pathology related to bone microstructure alterations is 
osteoporosis and therefore it is the bone pathology it has been decided to investigate 
during this thesis. In osteoporosis, bone density and volume of segments or specific bone 
regions can be progressively reduced. Patients with osteoporosis are at high risk of 
having one or more fragility fractures, which eventually lead to a physical debilitation 
and potentially to a downward spiral in physical and mental health. The hidden 
mechanism of osteoporosis is an imbalance between bone production and resorption 
leading to a decreased bone mass. Usually, bone is in constant remodelling and up to 10% 
of the entire bone mass at a time may undergo bone remodeling. An interplay of different 
mechanisms underlies the development of fragile bone tissues, among them insufficient 
mass and strength during growth, excessive bone resorption and inadequate formation 
of new bone during remodeling are the most important (Paccou et al., n.d.). Hormonal 
factors play an important role in the in the bone resorption rate as for the menopause that 
because of a lack of estrogen increases the bone resorption and inhibits new bone 
formation. Other factors as the Calcium metabolism have been significant for the bone 
turnover (Bendtzen 2015). Osteoporotic trabecular bone not only loses density, but the 
microarchitecture is also disrupted, the smallest trabeculae breaks creating microcracks 
that are replaced by weaker bones (Osterhoff et al. 2017). Cortical bone when affected by 
osteoporosis decreased its density losing part of its strength and rigidity. The site more 
often affected by osteoporotic fractures are wrist, spine and hip and are characterized by 
a relatively high trabecular to cortical bone ratio. The sites of fracture rely on trabecular 
bone for strength and absorption of load since are in correspondence of joints (Oftadeh 
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et al. 2015). The intense remodeling of these bone regions causes these areas to 
progressively degenerate when the remodeling in imbalanced. Bone degradation is 
supposed to begin between 30 and 35 years old and women may lose up to 50% while 
men about 30% (Koda-Kimble et al. 2008). Osteoporosis may be linked to ageing, 
particularly in postmenopausal women, or can occur as a result of specific conditions, 
i.e., diabetes, anorexia nervosa, and obesity or treatments, i.e., corticosteroid (Fig. 1.9). 
Indeed, corticosteroid-induced osteoporosis is the most common form of secondary 
osteoporosis and the first cause in young people. Bone loss occurs early after the initiation 
of corticosteroid therapy and is correlated to dose and treatment duration (Bartl and Bartl 
2017). Fragility fractures have been associated with early mortality and increased 
morbidity having a significant effect on the quality of life of both patients affected by 
diabetes (Keenan and Maddaloni 2016; S. C. Chen et al. 2019; Abdalrahaman et al. 2017), 
anorexia nervosa (Singhal et al. 2018; Fazeli and Klibanski 2019), and obesity (Fintini et 
al. 2020; Cordes et al. 2016; 2015). 

 
Figure 1. 9: Factors leading to bone fractures. 

 
Similarly to osteoporosis, which is the main objective of this thesis and is further 

analyzed in the following chapters, the psoriatic arthritis is a bone disease responsible do 
degrade bone trabeculae. The psoriatic arthritis is here introduced because before the 
beginning of this thesis, one patient affected by psoriatic arthritis and eight gender- and 
aged-matched controls have been acquired using UHF MRI in the knee. This study was 
completed at the beginning of this PhD, when the patient has been assessed using UHF 
MRI a second time after one year of treatment. The MR images from this clinical study 
have been used to investigate the knee microarchitecture and the retrieved parameters 
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have been compared between the patient and the controls to evaluate the MRI 
applicability to both in vivo bone microarchitectural assessment and to follow-up of 
therapeutic strategies. This study showed both the limitation and the potentialities of the 
in vivo bone microarchitecture assessment using MR imaging technology at the 
beginning of this thesis.  
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Abstract 
Psoriatic arthritis (PsA) is an inflammatory rheumatic disease, mediated in part by 

TNFα and associated with bone loss. Anti-TNFα treatment should inhibit this 
phenomenon and reduce the systemic bone loss. Ultra-high field MRI (UHF MRI) may 
be used to quantify bone microarchitecture (BM) in-vivo. In this study, we quantified BM 
using UHF MRI in a PsA patient and followed up the changes related to anti-TNFα 
treatment.  
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A non-treated PsA patient with knee arthritis and 7 gender-matched controls were 
scanned using a gradient re-echo sequence at UHF MRI. After a year of Adalimumab 
treatment, the patient underwent a second UHF MRI. A PET-FNa imaging was 
performed before and after treatment to identify and localize the abnormal metabolic 
areas. BM was characterized using typical morphological parameters quantified in 32 
regions of interest (ROIs) located in the patella, proximal tibia, and distal femur.  

Before treatment, the BM parameters were statistically different from controls in 24/32 
ROIs with differences reaching up to 38%. After treatment, BM parameters were 
normalized for 15 out of 24 ROIs. The hypermetabolic areas disclosed by PET-FNa before 
the treatment partly resumed after the treatment. 

Thanks to UHF MRI, we quantified in vivo BM anomalies in a PsA patient, and we 
illustrated a major reversion after one year of treatment. Moreover, BM results 
highlighted that the abnormalities were not only localized in hypermetabolic regions 
identified by PET-FNa, suggesting that the bone loss was global and not related to 
inflammation.
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1.  Introduction 

Psoriatic arthritis (PsA) is an inflammatory rheumatic joint disease associated with 
psoriasis in which axial and peripheral joints can display an elevated inflammatory status 
(Griffiths and Barker 2007). PsA has been initially described by Moll and Wright as a 
seronegative inflammatory arthritis that occurs most of the time in the presence of 
psoriasis (Moll and Wright 1973). It was initially thought to be rare but recent studies 
indicated that it might occur in up to 30% of patients with psoriasis (Ogdie and Weiss 
2015; Villani et al. 2015). The most commonly involved sites include Achilles tendon, 
quadriceps tendon, knee, wrist and ankle (Tang et al. 2020). These sites are usually 
assessed using ultrasound imaging which could detect both clinically active and non-
active sites. Most of the times sites are clinically active. The main clinical presentations 
are swollen, tender joints, stiffness and pain, scaly skin patches, nail pitting, eye redness 
(Coates and Helliwell 2017) but also asymmetric oligo-arthritis, polyarthritis, dactylitis 
and enthesis (Griffiths and Barker 2007; Ritchlin, Colbert, and Gladman 2017). The PsA 
clinical presentation is frequently associated with structural changes such as bone erosion 
and formation i.e. ankylosis or periostitis (Tang et al. 2020; Perez-Chada and Merola 
2020). Bone erosion could lead to fragility fractures which is a relevant clinical event and 
one of the major complication of many bone disorders such as osteoporosis. While the 
prevalence of osteoporosis in PsA is still a matter of debate (Attia et al. 2011; Del Puente 
et al. 2015), previous studies have shown that fragility fractures should be considered 
when evaluating the global picture of PsA patients (Del Puente et al. 2015). Psoriasis and 
psoriatic arthritis are characterized by tissue infiltration by activated T cells thereby 
resulting in an increased TNFa, IL 17 and IL 23 production (Ritchlin, Colbert, and 
Gladman 2017; Leijten et al. 2015; Kocijan et al. 2015). Synovial tissue and entheses are 
more particularly affected (Menon et al. 2014). This pro inflammatory status can be an 
effective trigger of osteoclasts differentiation and activation through the expression of the 
receptor activator of nuclear factor kappa B ligand (RANKL)(Ritchlin et al. 2003). 

The increased cell activity and the corresponding elevated inflammatory status due to 
PsA could be assessed using positron emission tomography (PET), which is able to assess 
the abnormal accumulation of radiotracer in specific areas (Rosen et al. 2011; Chaudhari 
et al. 2016). The systemic bone loss resulting in a reduced bone mineral density (BMD) 
and the role of TNFa antibodies in this process are a matter of debate in psoriatic arthritis 
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(Perez-Chada and Merola 2020; Ogdie et al. 2017a; Chandran et al. 2016a)(Di Munno and 
Ferro 2019; Hoff, Kavanaugh, and Haugeberg 2013; Maruotti, Corrado, and Cantatore 
2014). Using dual energy X-ray absorptiometry (DXA) (Briot et al. 2018), reduced BMD 
(g/cm2) values have been reported in PsA patients as compared to controls and so 
regardless of sex, menopausal status, or age (lumbar spine 1.112 vs.. 1.326; femoral neck 
0.870 vs.. 1.006; total body 1.125 vs.. 1.203) (Frediani et al., n.d.). However, bone micro 
architecture has never been documented as part of this bone alteration process. 
Interestingly, magnetic resonance imaging (MRI) and more particularly ultra-high field 
MRI (UHF MRI) has been reported as a promising tool for the assessment of bone 
microarchitecture given the high resolution of the corresponding images (G. Chang et al. 
2017a). Over the last few years, this non-radiating imaging technique has shown 
promising results regarding spine, knee, and femur trabeculation in osteoporosis (G. 
Chang, Honig, et al. 2015b; Daphne Guenoun et al. 2017b; D. Guenoun et al. 2020b). So 
far, the corresponding changes in psoriatic arthritis have never been assessed.  

The purpose of the present study was to investigate bone trabeculation in a patient 
with psoriatic arthritis using UHF MRI and to assess changes related to a TNFa antibodies 
therapeutic strategy. 

 

2.  Materials and Methods 

2.1. Subject Recruitment 
This study received institutional review board approval by the “Comité de protection 

des personnes sud Méditerranée I” (approval number 2016-A000427-44). Written 
informed consent was obtained from all the recruited subjects. One PsA patient (male, 18 
years old, body mass index (BMI) = 14.53 kg/m2) affected by axial and peripheral 
psoriatic arthritis, was assessed before and after a one-year Adalimumab treatment. The 
patient experienced knee arthritis six months before the first appointment and had 
cutaneous vulgaris psoriasis in elbow and knee only (Psoriasis Area Severity Index (PASI) 
= 1.8). The whole set of other pathologies leading to comorbidities and reduced BMI 
values were excluded. The patient was naïve of any conventional synthetic Disease 
Modifying Anti-Rheumatic Drug (CsDMARD), biological Disease Modifying Anti-
Rheumatic Drug (bDMARD) or targeted synthetic Disease Modifying Anti-Rheumatic 
Drug (tsDMARD). Seven healthy volunteers with no sign of trabecular bone diseases or 
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osteopenia (all males, mean age = 21.6 years [interquartile range (IQR) = 1 year], mean 
BMI = 21.32 kg/m2 [IQR = 1.29 kg/m2]) were included in the control group. 

 

2.2. Imaging Techniques 
 
MRI scanning  
The patient and the volunteers underwent 7T MRI (MAGNETOM, Siemens 

Healthineers, Germany) of the knee joint (distal femur, proximal tibia and patella). All 
subjects were scanned using a 28-channel knee coil and a 3D gradient recalled echo 
sequence (3D GRE, TR/TE = 15/4.36 ms, flip angle  = 12°, bandwidth = 326 Hz/pixel, 
field of view = 180*180 mm, matrix = 768 x 768, in-plane voxel dimension 0.234 x 0.234 
mm, slice thickness = 1.5 mm, 64 sagittal planes, acquisition time = 5 minutes 56 seconds). 
This protocol is similar to what has been previously used for knee scanning at 3T (Chiba 
et al. 2012; Bolbos et al. 2008). The PsA patient was scanned once before treatment and 
once after one year of treatment. During MRI scanning, the patients’ knee was 
immobilized by sandbags and secured by Velcro straps to avoid involuntary movements. 

 
PET scanning  
As part of the usual follow-up procedure, the PsA patient underwent two CT/PET 

FNa scanning, once before treatment and once after one year of treatment. The sodium 
fluoride radiotracer (Cisnaf©) was administrated intravenously (3MBq/kg) and images 
were acquired 60 min after the injection on a Biograph 16 tomograph (Siemens, 
Healthineers, Germany), coupled to a low dose CT scanner with standard parameters 
(CT: 80 mA, 120 kV without contrast; 2 min per bed-PET- step of 15 cm) (de Arcocha et 
al. 2012; Albano, Giubbini, and Bertagna 2018). CT/PET FNa images were iteratively 
reconstructed in a 128x128 matrix and 60 cm field of view, with and without attenuation 
correction in the transaxial, coronal and sagittal planes. The patient did not require 
special preparation. He was asked to be hydrated in order to activate the rapid washout 
of the radiotracer,  to reduce the radiation dose and to improve the images quality. 

 

2.3. PET-MRI fusion and Analysis 
 
PET-MRI fusion  
MR and CT/PET FNa images (de Arcocha et al. 2012) were acquired using two 

different scanners. Given that bones were clearly visible in both CT and MR images, the 
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four bones (femur, tibia, fibula, and patella) were used as landmarks for the registration 
of both images. More specifically, bones were delineated semi-automatically in each stack 
of images and linear affine registrations were computed independently between each 
bone using FSL-FLIRT (Jenkinson et al. 2002). Each local affine transformation was then 
merged into a global 3D deformation field through the implementation (described in 
(Makki et al. 2019)) of the log-euclidean poly-affine framework proposed by Arsigny et 
al. (Arsigny et al. 2009). The resulting deformation field was used to overlay the PET maps 
on the highly resolved and contrasted 7T MR anatomical images as previously reported 
(Cammilleri et al. 2019) (Fig. 2.1).  

 
Figure 2. 1: merged PET-UHF MRI. Sagittal, coronal, and axial plane of merged PET-UHF MRI 

of the knee articulation of the patient before (A) and after (B) treatment by TNF-antibodies. “[Ad]” 
refers to a dimensional. Values higher or equal to 2.5 are considered indicative of 
“hypermetabolic” activity. 
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PET-MR Analysis  
Fused PET-MR images were visually evaluated by an expert (SG) with the aim of 

identifying and localizing the hypermetabolic regions before and after the treatment. The 
visual inspection of fused images was crucial in order to identify the regions with 
hyperintense signals. 

Bone volume fraction maps representing the relative volume of bone within each voxel 
were generated from the GRE images. The initial images were linearly scaled in order to 
cover the range from 0 (pure bone) to 255 (pure marrow) (G. Chang, Rajapakse, et al. 
2015b; Chamith S. Rajapakse et al. 2012b). In each image, distal femur, proximal tibia and 
patella were delineated using the Chan-Vese algorithm, which showed to be robust for 
the separation between bone, tendons and cartilage in the knee (Jiang et al. 2008; 
Aprovitola and Gallo 2016). The corresponding filled contours were used as masks on 
which a 10-pixels closing process was applied (2.34 mm) in all directions in order to 
eliminate all the cortical bone (Fig. 2.2). Several region of interests (ROI) where identified 
in different locations of the trabecular bone in order to fully investigate the trabecular 
network. 

 
Figure 2. 2: ROIs identification. PsA patient after treatment BVF maps showing the multiple 

ROIs identified in red. 

ROIs selection  
The ROIs selection was based on the PET-FNa results. Accordingly they were selected 

in regions with hyper-intense signals  before the Adalimumab treatment and were 
selected in the same regions after the treatment regardless of the signal intensity. 
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Patella : The first set of ROIs (ROI1, ROI1a, ROI1b and ROI1c) were located in the 
patella region and referred respectively to the trabecular space of the whole patella, the 
upper and lower third of the trabecular region where the quadriceps and patellar tendons 
are respectively attached and the central third of the patella (Fig. 2.2).  

Distal Femur : ROI2 was located in the distal femur epiphysis as illustrated in Fig. 2.2. 
Proximal Tibia : The final set of ROIs (ROI3, ROI3a and ROI3b) were positioned in the 

proximal tibia. ROI3 refers to the trabecular space of the proximal tibia epiphysis. ROI3a 
represents the trabecular part of the tibia where the medial collateral ligand is attached 
and ROI3b represents the trabecular part of the tibia where there was no hypermetabolic 
activity on the basis of the PET FNa signal. (Fig. 2.2). 

 
Bone Microstructure Evaluation 
To reduce the computational costs from the 3D ROIs, three 2D centrally located MRI 

planes were selected for each subject i.e. the image with the highest ROI surface together 
with the N+1 and N-1 images.  

ROIs were then binarized using an automatic local thresholding as previously 
described (Dougherty and Kunzelmann 2007a) and three independent metrics were 
computed. The bone volume fraction (BVF) which refers to the ratio between bone and 
the total volume, the trabecular thickness (Tb.Th) and spacing (Tb.Sp). Tb.Th and Tb.Sp 
were extrapolated using iMorph (E. Brun, Ferrero, and Vicente 2017a) which can generate 
an aperture map (AM) derived from a distance transformation map. The AM was 
retrieved from the maximal balls diameter enclosed in the bone (Tb.Th) and in the 
marrow (Tb.Sp) phases (Fig 2.2). Finally the trabecular number (Tb.N) was computed as 
the ratio between the BVF and the Tb.Th. 

Student’s T-tests were used in order to assess the morphological parameters 
differences between the control group and the PsA patient before and after the TNF 
treatment. For each subject, three measurements were obtained for each metric and each 
ROI. A p-value lower than 0.01 was considered as significant.  

 
Standardized Uptake Values 
A semi-quantitative analysis of PET images was performed as previously described in 

order to generate the Standardized Uptake Values (SUV) (de Arcocha et al. 2012; Rosen 
et al. 2011). SUV were computed as the ratio between the signal intensity within each 
pixel of the image scaled to the concentration of the total injected radioactivity (3 
MBq/Kg). The corresponding results refer the pixel-based metabolic. A SUV of 2.5 or 
higher is generally considered to be indicative of an “hypermetabolic” region. Finally, 
mean and maximal values were computed within each ROI.  
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3.  Results 

3.1. PET-FNa 
 
Hypermetabolism evolution 
The visual inspection of the initial set of PET images showed intense polyarticular 

hyperintense signals preferentially involving the knees, the left hip, the right ankle, the 
elbows, and more moderately the spine, the feet and the hands. As illustrated in Fig 2.1, 
large hyperintensities were observed in the knee. The second set of PET image recorded 
after one year of treatment, showed an unequivocal reduction in most of the 
hypermetabolic regions affecting the joints of the axial and appendicular skeleton and 
more particularly the knee. The whole set of ROIs showed reduced hyperintensities 
whereas no more hyperintense signal was visible for ROI2 and ROI3b. 

 
SUV results 
SUV were quantified in all the knees ROIs before and after one year of treatment and 

the corresponding values are indicated in Table 2.1. Before the treatment, SUVmean was 
abnormal in 5 over 8 ROIs. The abnormal values were concentrated in all the patellar 
ROIs (2.7±0.1) and ROI3a (2.8). SUVmax averaged over the whole set of ROIs was 
3.67±0.41. After the treatment, SUV were no longer larger than 2.5 in almost all the ROIs 
while the averaged SUVmax was also significantly reduced i.e. 2.86±0.86. Large SUV 
values (i.e. between 1.7 and 2.5) were still visible in all the patella ROIs and ROI3a (Table 
2.1).  

 
Table 2. 1: SUV results before and after treatment for all identified ROIs. 

 Before Treatment After Treatment 
SUVmean SUVmax SUVmean SUVmax 

ROI1 2.7±0.5 3.79 2.1±0.6 3.77 
ROI1a 2.6±0.4 3.72 2.4±0.4 3.18 
ROI1b 2.9±0.5 3.77 1.6±0.5 3.02 
ROI1c 2.7±0.4 3.79 2.3±0.6 3.69 
ROI2 1.9±0.5 3.34 1.2±0.6 3.32 
ROI3 1.9±0.5 4.06 1.0±0.3 2.41 

ROI3a 2.8±0.4 4.06 1.3±0.4 2.41 
ROI3b 2.0±0.2 2.82 0.7±0.1 1.12 

SUV mean (SUVmean) values are presented as mean ± SD and SUV maximum (SUVmax) 
values of the investigated ROIs before and after one year of treatment. 
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3.2. MRI Microarchitecture 
Regarding the MRI-based micro-architecture measurements performed before the 

treatment, the patient was outside the control range for multiple metrics and multiple 
localizations (24 out of 32 measurements were statistically different from the controls). 
However, after one year of treatment the microarchitectural parameters differences 
between the PsA patient and the healthy references were reduced and the parameters 
were approaching or within the control range (only 9 out of 32 measurements were still 
statistically different than controls) (Table 2.2). 

 
Table 2. 2: Microarchitecture characteristics per ROI. 

 Controls P. before 
treatment 

P. after 
Treatment 

Patella 

ROI1 

BVF 0.375±0.015 0.297±0.011 * 0.373±0.016 
Tb.Th 0.258±0.005 0.257±0.004 0.276±0.003 * 
Tb.Sp 0.429±0.065 0.643±0.036 * 0.470±0.013 
Tb.N 1.455±0.076 1.132±0.068 * 1.347±0.008 

ROI1a 

BVF 0.393±0.008 0.339±0.018 * 0.401±0.010 
Tb.Th 0.255±0.013 0.254±0.022 0.266±0.014 
Tb.Sp 0.364±0.032 0.477±0.058 0.365±0.008 
Tb.N 1.550±0.074 1.301±0.136 1.493±0.073 

ROI1b 

BVF 0.355±0.035 0.222±0.064 * 0.328±0.027 
Tb.Th 0.261±0.010 0.250±0.015 0.285±0.004 * 
Tb.Sp 0.469±0.117 0.651±0.057 * 0.532±0.064 
Tb.N 1.366±0.114 0.994±0.090 * 1.116±0.083 

ROI1c 

BVF 0.377±0.015 0.295±0.026 * 0.375±0.016 
Tb.Th 0.207±0.008 0.213±0.005 0.225±0.003 * 
Tb.Sp 0.366±0.042 0.632±0.096 * 0.424±0.005 
Tb.N 1.746±0.250 1.409±0.119 * 1.661±0.024 

Distal Femur ROI2 

BVF 0.354±0.048 0.257±0.015 * 0.312±0.007 
Tb.Th 0.261±0.005 0.260±0.006 0.269±0.006 
Tb.Sp 0.516±0.140 0.769±0.025 * 0.656±0.009 
Tb.N 1.342±0.187 1.016±0.020 * 1.173±0.054 

Proximal 
Tibia 

ROI3 

BVF 0.337±0.019 0.219±0.015 * 0.256±0.012 * 
Tb.Th 0.266±0.011 0.245±0.004 * 0.257±0.008 
Tb.Sp 0.562±0.087 0.924±0.029 * 0.866±0.053 * 
Tb.N 1.261±0.109 0.879±0.051 * 0.985±0.043 * 

ROI3a 
BVF 0.381±0.009 0.307±0.016 * 0.335±0.018 

Tb.Th 0.258±0.008 0.260±0.009 0.267±0.012 
Tb.Sp 0.426±0.060 0.594±0.012 * 0.570±0.016 * 
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Tb.N 1.468±0.073 1.185±0.047 * 1.241±0.029 * 

ROI3b 

BVF 0.376±0.018 0.242±0.024 * 0.285±0.013 * 
Tb.Th 0.220±0.015 0.192±0.005 * 0.202±0.011 
Tb.Sp 0.418±0.061 0.636±0.054 * 0.539±0.033 
Tb.N 1.689±0.148 1.255±0.183 * 1.432±0.094 

Data are presented as mean ± SD. “P.” refers as patient. BVF: Bone volume fraction, Tb.Th: 
Trabecular Thickness, Tb.Sp: Trabecular Space, Tb.N: Trabecular number. * indicates a 
statistically significant difference (p < 0.01) with the Healthy reference values. 

 
Patella 
Before the treatment and considering the four ROIs delineated in the patellar region, 

BVF of the patient was always significantly lower as compared to controls with a mean 
difference of -23±10%. The Tb.Th difference was always below 5% (p>0.01 for all the four 
ROIs), with a general mean of 0.25±0.03 mm for the controls and 0.24±0.02 mm for the 
patient. The Tb.Sp difference was statistically significant for ROI1, ROI1b and ROI1c but 
not for ROI1a with the patient having larger trabecular spaces as compared to controls 
and therefore a positive difference mean of 48±18%. Similar results were found for Tb.N 
and a significant difference was found for ROI1, ROI1b and ROI1c but not for ROI1a with 
a general mean difference of -21±5%.  

 

 
Figure 2. 3: ROI1a extrapolated features box plot. Box plot for each extrapolated feature for the 

control reference (Healthy), patient before (P_before) and after (P_after) one year of anti-TNFα 
treatment in the trabecular region where the quadricep tendon attaches the patella (ROI1a). 

Following the 12-month TNF treatment, most of the micro-architecture metrics but 
Tb.Th reversed to normal values. BVF increased in the four patella’s ROIs thereby 
reducing the differences with controls to a non-significant mean value of -2±4%. Similar 
results were quantified for Tb.Sp and Tb.N with a non-significant difference with controls 
for any of the patella’s ROIs and a new overall patient mean difference of 10±7% for Tb.Sp 
and -9±7% for Tb.N. On the contrary, after the treatment, Tb.Th became significantly 
larger with a significant difference (up to 9%) with controls and so for ROI1, ROI1b and 
ROI1c (Fig. 2.3 and Table 2.2). 
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Distal Femur 
In the distal femur (ROI2) the difference between the healthy reference and the patient 

before the treatment was more than 20% for all the parameters (-27% for BVF, 49% for 
Tb.Sp and -24% for Tb.N) except for Tb.Th for which the difference was less than 1%.  

The image analysis after the treatment still showed increased BVF and Tb.N values 
while Tb.Sp values were reduced. The corresponding differences between the patient and 
the control values were -12%, -13% and +27% respectively. Similar to the results found in 
the patella, the Tb.Th increased becoming 3% thicker than controls. The difference 
between the control and the patient values after the treatment was statistically significant 
(p>0.01) for none of the micro-architectural parameters evaluated (Table 2.2). 

 
Proximal Tibia 
The three ROIs (ROI3, ROI3a and ROI3b) located in the proximal tibia region also 

showed statistically differences between patient and control values for the whole set of 
MRI metrics. The only normal value was found for Tb.Th in ROI3a. More particularly, 
the differences between the patient and the controls were -30±9% for BVF, 52±12% for 
Tb.Sp, -25±6% for Tb.N and -7±7% for Tb.Th. 

After the 12 month-TNF treatment, the bone microstructure differences were reduced, 
although remaining statistically significant in most of the cases. For the BVF, the 
difference was reduced to -20±7% and remained statistically significant for ROI3 and 
ROI3b. The Tb.Th difference was also reduced to -3±6% thereby becoming not statistically 
significant for any of the three tibial ROIs. The Tb.Sp difference slightly decreased to 
39±13% but remained statistically significant (p<0.01) for ROI3 and ROI3a but not for 
ROI3b. The Tb.N difference also decreased to -18±4% but remained statistically 
significant for ROI3 and ROI3a but not for ROI3b (Table 2.2). 
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4.  Discussion 

In the present study, we assessed bone microarchitecture in a PsA patient in order to 
document the potential bone quality changes associated with his inflammatory status. 
We also assessed the microarchitecture modification resulting from a one-year anti-TNF 
treatment. We mainly found that PET-FNa/MRI showed a largely inflamed knee 
articulation with some specific hypermetabolic regions in the vicinity of ligament and 
tendons in the patella, the distal femur, and the proximal tibia. Microarchitectural 
changes quantified using UHF MRI were affecting the whole bone segments and were 
not localized within the hypermetabolic regions only. After a year of TNF treatment, the 
combined PET-UHF MRI approach showed highly reduced hypermetabolic regions and 
an improvement for most of the microarchitectural parameters and the BMI increased 
from 14.5 to 18.9 kg/m2 reaching the normal range (18.5-24.9 kg/m2) (Weir and Jan 2020). 

Before the treatment, all the microarchitecture metrics were significantly different with 
respect to the control values and so in at least one ROI. Using HR-pQCT on the distal 
radius of a group of 50 PsA patients and comparing the bone microarchitecture results to 
those from controls, Kocijan et al. reported significantly reduced BVF and Tb.N, increased 
Tb.Sp and almost constant Tb.Th (Kocijan et al. 2015). Compared to our study, Kocijan et 
al. reported lower bone microstructure parameters differences between PsA patients and 
controls (-11.9%, -7.1%, +9.1%,-1.5% respectively for BVF, Tb.N, Tb.Sp and Tb.Th vs.. an 
overall difference mean for all the ROIs analyzed of -26% for BVF, -23% for Tb.N, +50% 
for Tb.Sp and -3% for Tb.Th). However, these discrepancies could be explained by the 
different anatomical investigated sites (distal radii vs.. knee articulation) and by the age 
and body mass index of the PsA patients (51±13y, 27.9±5.1 kg/m2 vs.. 18y, 14.5 kg/m2). 
Although previous DXA measurements have been controversial regarding BMD changes 
in PsA patients (Perez-Chada and Merola 2020; Ogdie et al. 2017a; Chandran et al. 2016a), 
our results further support those obtained using a radiating imaging technique and 
confirm abnormalities of trabecular bone in PsA patients so that osteoporotic changes 
might be expected in PsA. 

In the field of rheumatologic inflammatory disorders, our study is the first to address 
the bone microarchitecture issue using UHF MRI, although previous studies involving 
the use of UHF MRI have reported promising results in osteoporosis (G. Chang, Honig, 
et al. 2015b; Daphne Guenoun et al. 2017b; D. Guenoun et al. 2020b; Soldati, Rossi, et al. 
2021). As an example, Chang et al. (G. Chang, Honig, et al. 2015b) found abnormal 
trabecular characteristics including BVF in the distal femur of subjects with fragility 
fractures whereas the DXA T-score was normal. Of interest, BVF, Tb.Sp and Tb.N were 
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abnormal in the majority (7/8) of ROIs in the present study whereas Tb.Th was abnormal 
in a limited number (2/8) of ROIs. These results further support those previously 
reported by Kocijan et al  (Kocijan et al. 2015) and Chang et al. (G. Chang, Honig, et al. 
2015b) regarding the larger sensitivity of BVF, Tb.Sp and Tb.N to bone micro-architecture 
alterations as compared to Tb.Th. In fact, Kocijan et al. (Kocijan et al. 2015) reported no 
difference in Tb.Th between PA patients and healthy controls in distal radii while Chang 
et al. (G. Chang, Honig, et al. 2015b) found normal distal femur Tb.Th in patients with 
fragility fractures. 

Trabecular abnormalities detected using UHF MRI were found in all the 
hypermetabolic regions detected using PET-FNa, showing that microarchitecture 
deterioration was affecting the whole bone segments. The PET analysis has been shown 
to reflect bone remodeling and has been used in several studies on osteoporosis (Blake, 
Park-Holohan, and Fogelman 2002; Frost et al. 2003; Raynor et al. 2017; Uchida et al. 2009). 
In our case, PET-FNa allowed to localize specific ROIs characterized by elevated 
hypermetabolic activity before treatment and ROIs presenting partial or full remission 
after treatment. 

After a year of anti-TNF treatment, the trabecular parameters clearly illustrated that 
the knee of the patient was in clinical remission from his PsA status. The trabecular 
parameters reversal might result from the decreased inflammatory status leading to a 
reduced osteoclastic bone resorption activity. In PsA, Hoff et al. (Hoff, Kavanaugh, and 
Haugeberg 2013) have showed that 24 weeks of Infliximab treatment can stop the bone 
loss. In multiple studies conducted in rheumatoid arthritis (RA) patients, the TNF 
blocking strategy has been associated with an increase of biological markers indicating 
bone formation and a decrease of those illustrating bone resorption (Vis et al. 2003; 2006; 
Lange et al. 2005). In both RA and Ankylosing spondylitis (AS), the efficiency of anti-TNF 
agents on bone loss has also been confirmed through BMD measurements using DXA 
(Vis et al. 2006; Lange et al. 2005; Marotte et al. 2007; Wijbrandts et al. 2009; Güler-Yüksel 
et al. 2008). Our PET-FNa/MRI measurements also supported the efficiency of the anti-
TNF strategy. In fact, UHF MRI allowed us to assess and quantify the microarchitectural 
parameters in the hypermetabolic ROIs assessed through the PET-FNa. In our study, 
UHF MRI showed an almost homogeneous microarchitecture deterioration before 
treatment and a partial or a complete remission after one year of treatment. These results 
are also in agreement with those previously reported as a result of bisphosphonates 
treatment in osteoporotic patients (Frost et al. 2003; Uchida et al. 2009). 

A few limitations have to be acknowledged in the present study. Although, this 
preliminary study was conducted in a PsA patient, we have quantified morphological 
parameters in several UHF MR images from 3 different bone segments (patella, distal 
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femur, and proximal tibia) and using 8 different ROIs. Moreover, the results of the PsA 
patient were compared both temporally, i.e. before and after the treatment, and against 
the control group. One might wonder whether the reported changes are gender specific 
given that we assessed male subjects only and the inclusion of female subjects would be 
of interest. Additionally, it could be of interest to assess other bones regions with an 
elevated bone turnover such as the sacroiliac joint, spine and other peripheral joints. 
However, one has to keep in mind that the availability of dedicated coils for UHF MRI is 
rather reduced. One could also argue that partial volume effects might have biased the 
results.  Such an effect can occur when pixels size in a given MR image is larger than the 
trabecular thickness (100 µm). Our protocol was similar to previously reported knee MRI 
acquisitions (Chiba et al. 2012; Bolbos et al. 2008). The partial volume error if any was 
expected to be the same for all the MR images so that the comparison was still valid. 

 

5.  Conclusion 

The investigation of bone microarchitecture in patients affected by PsA is of interest 
for a reliable assessment of bone quality, illness risk stratification and for the follow-up 
of therapeutic strategy. Up to now, PsA patients have been mainly treated using 
CsDMARD, bDMARD and tsDMARD (Gossec et al. 2020) and the effects on bone 
microarchitecture have never been documented. However, the administration of anti-
TNF may inhibit the osteoclastic action of bone resorption triggered by the inflammatory 
response. Moreover, the application of UHF MRI might be of high interest to investigate 
bone microarchitecture in the future for specific clinical situations, such as osteoporosis. 
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Conclusion of the Chapter 

In this chapter, it has been shown the limitations and the potentialities of the in vivo 
applicability of MR imaging for the assessment of bone microarchitecture. Firstly, it has 
been exploited the MR technical limitations, GRE sequences have been used in order to 
assess all the knee volume in a single scan, however the image resolution was not 
sufficient to resolve the bone inner morphology. Although, this article showed that the 
UHF MRI was able to assess the bone most common characteristics, and from their 
analysis, to discriminate the PsA patient from the controls. Moreover, it has been shown 
the improvement of the bone quality after one year of treatment therefore showing the 
potential use of MRI for illness risk stratification and for the follow-up of therapeutic 
strategy (Fig. 2.4). 

Before treatment After Treatment 
Tb.Th Tb.Sp Tb.Th Tb.Sp 

    
Figure 2. 4: Bone Morphology characterization. Trabecular thickness and spacing of the PsA 

patient’s patella before and after one year of anti-TNF treatment. 

This chapter have shown the additional value that UHF MR imaging of the bone 
microarchitecture could provide to the clinical practice in the bone quality assessment, 
however reporting the need of technical improvement and optimization in both the 
acquisition sequence and setups, but also in the image analysis. The investigation of 
different MRI sequences, but also the optimization between image resolution, acquisition 
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time, specific absorption rate, SNR, … is of great interest to increase the in vivo 
applicability of the bone microarchitecture assessment in the clinical practice. 

In the next chapter, it has been presented all the experimental techniques and setups 
that have been applied in this thesis project. The first aim was to assess the bone quality 
and provide an optimized approach for the use of UHF MRI for bone microarchitecture 
assessment of proximal femurs in the clinical practice. Moreover, the second aim was to 
investigate the effect that osteoporosis have in the multiscale hierarchical bone structure, 
therefore the bone trabecular phase has been analyzed using a multiscale and multimodal 
approach able to investigate both the micro-, nano- and molecular scale. 
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Chapter 3: Materials and Methods 

In this section we will present the all the cadaveric samples that have been provided 
by the pathological department of LaTimone medical school, AixMarseille University, 
Marseille, France, and the techniques used for retrieving and preparing the different 
sized of bone samples. Moreover, we will introduce all the experimental acquisition 
techniques, sequence and procedure, and the biomechanical testing setup. 
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1.  Sample Collection and Preparation 

Cadaveric human femurs have been collected thanks to the collaboration with the 
pathological department of LaTimone medical school, AixMarseille University. All 
procedures followed were in accordance with the ethical standards of the responsible 
committee on human experimentation of the thanatopraxy laboratory, University School 
of Medicine, Hôpital de la Timone, Marseille, France that provided the bodies coming 
from body donation and with the Helsinki Declaration of 1975, as revised in 2000. The 
whole set of collected samples are shown in Table 3.1, after bone collection, gender, age 
and height have been listed, in addition standard dual-energy X-ray absorptiometry 
(DXA) analysis was performed to classify them as healthy or osteoporotic. A schematic 
representation of the different femurs used for the analysis at different levels are shown 
in Figure 3.1.  

 
Figure 3. 1: Schematic representation of the different femurs and sample used in all the 

experimental setups and examination performed. 

The macroscale study have been conducted on whole proximal femurs. The micro and 
nanoscale study was instead focused on small subregions of the proximal femur chosen 
to provide an overall characterization of the whole femur epiphysis. First, all epiphysis 
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were scanned intact to assess the bone inner morphology. Then, based on the preliminary 
μCT investigative scan providing information of the sites more affected by osteoporosis 
and characterized by higher bone mineral density or bone volume fraction, three small 
specimens (10 mm of diameter and 2 mm of thickness) were extracted from each proximal 
femur respectively in the great trochanter, femoral neck and femoral head region. 

 
Table 3. 1: Description of the collected samples. 

 
ID Gender Leg Pos Age (y) 

DXA (g/cm²) 
FN WPF 

Sample01 3414 Male Right 80 0.796 0.884 
Sample02 7414 Female Right 89 0.416 0.508 
Sample03 5114 Female Left 83 0.608 0.651 
Sample04 9214 Female Right 83 0.562 0.701 
Sample05 4514 Female Left 82 0.784 0.831 
Sample06 147_18 Female Left 95 0.963 1.309 
Sample07 56_18 Female Left 96 0.543 0.503 
Sample08 147_18 Female Right 95 0.932 0.939 
Sample09 56_18 Female Right 96 0.552 0.480 
Leg pos: leg position; DXA: dual-energy x-ray absorptiometry; FN: femoral neck, WPF: whole 

proximal femur. 
 
Bone Sample Preparation Gold Standard 
Analysis on bone samples is usually made on small specimens (<5 cm3). Such 

specimens, which origin from different bones and regions, may present different shapes 
and sizes according to the manner of their retrieval. They may present cylindrical shape 
if retrieved by drilling (usually used for vertebrae) or may present cubical shape (usually 
used for femurs, tibiae and radii), in both cases flat and parallel faces, suited for 
mechanical testing, were obtained using a bandsaw. The samples are usually kept frozen 
(<-25°C) until use to avoid bone decomposition processes. Before undertake image 
acquisitions, specimens are thawed and the marrow is removed by immersing the bone 
in hypochlorite for 1 day and rinsed repeatedly with hot water (H. Chung et al. 1993) or 
using a gentle water jet (Chamith S. Rajapakse et al. 2009a). the rationale for marrow 
removal is dual, firstly, once removing the cortex and cutting the bone, contact with 
oxygen leads to a transformation of haemoglobin in hematopoietic marrow from the 
diamagnetic oxy to the paramagnetic deoxy state. The cellular confinement of 
paramagnetic deoxyhemoglobin leads to intrinsic gradients, which cause considerable 
further shortening of the effective transverse relaxation time during MRI acquisition. 
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Secondly, cutting the intact bone causes fluid leaking resulting in air cavities which are 
deleterious to both NMR microscopy and T2* measurements leading to local field 
distortions caused by different susceptibility between air and marrow tissue. However, 
bone marrow has to be replaced in order to obtain enough signal to acquire MR images, 
therefore specimens are usually suspended in distilled water (H. Chung et al. 1993) or in 
other aqueous solutions as 1 mM Gd-DTPA seen to shorten the longitudinal relaxation 
time to about 300 ms, consistent with fatty marrow (Chamith S. Rajapakse et al. 2009a; 
H.-W. Chung et al. 2009). The suspension in aqueous solution do not prevent by itself the 
presence of air bubbles trapped in the trabecular network neither lead to their 
substitution, hence air bubbles removal methods have been investigated. The most 
common technique to remove remaining air inclusions is through centrifugation, 
applying between 1500 and 2000 rpm (approximately 6×g) for 5 minutes (Chamith S. 
Rajapakse et al. 2009a; X. S. Liu, Cohen, et al. 2010). 

 
Large Femur Preparation Protocol 
According to the size of human femurs, the centrifugation technique previously used 

for small bone specimens is not suitable. On that basis, we designed and tested an in-
house sample preparation protocol on one cadaveric femur. 

The femurs were cut using a bandsaw along the axial direction (22 cm section proximal 
to the femur head) and immobilized into a resin support with an inclination of 15 degrees 
(Fig. 3.2a) that corresponds to the in vivo maximum stress of the hip articulation (Koshi 
2017). The specimens were then ultimately frozen at –25°C. 

Before the MRI and μCT acquisitions, the sample was thawed overnight, placed in a 
2500 ml cylindrical plastic jar filled with a 1 mM Gd-DTPA saline solution (Fig. 3.2b). The 
MRI and μCT acquisition were performed sequentially in order to avoid repetitive 
frozen/unfrozen cycles. To mimic in vivo conditions, the diameter of the container 
reproduced the distance between the femur head and the skin surface (approximately 
between 5-7 cm). The container was then placed on a vibrating surface while successive 
low-pressure cycles were applied for 30 minutes using the vacuum pump (Fig. 3.2d, 3.2e). 
Each cycle was composed by 5 minutes of active pumping below 50 mbar and 5 minutes 
of relaxing time at 150 mbar hence avoiding the water saturation pressure. The 
preparation setup is shown in Fig. 3.2. 

Different vibrating amplitude (0.1 to 1.5 mm) were used during the pumping cycles in 
order to generate different mechanical energies adapted to different bubbles sizes (from 
20 μm to 2.5 mm of diameters) and allowing their displacement inside the bone. 
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Figure 3. 2: Sample preparation. a) unfrozen femur head. b) cylindric plastic jar filled by 1mM 

Gd-DTPA saline solution. c) 3D-printed tool used for 3D volumes registration. d) vacuum pump. 
e) vibrating surfaces. 

 
Small Specimen Extraction and Conservation 
The small specimen (10 mm of diameter and 2 mm of thickness) used in this 

translational study were individuated and extracted using the following procedure. 
Whole proximal femurs were scanned using X-ray microtomography at resolution 

between 51 and 62 μm3, depending on the femur anatomical dimensions, in order to 
assess the complete trabecular network. The µCT images allowed to individuate the bone 
sections more affected by osteoporosis or more significative at microstructural level 
(higher bone mineral density/bone volume fraction) in three different regions of the 
proximal femur, the great trochanter (GT), the femoral neck (FN) and the femoral head 
(FH). Based on the 3D image analysis, specimens were first cored using drill press 
equipped with a hollow tip with an internal diameter of 10 mm and under constant water 
irrigation and then small disks of 2 mm width were selected and extracted cutting the 
trabecular core using a saw equipped with a diamond disk (Fig. 3.3). 

The samples were conserved at low temperature (<-25°C) until use. Since different 
experimental techniques required different preparation protocols, a sample preparation 
paragraph is presented in each applied experimental technique. 
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Figure 3. 3: Small sample extraction and conservation. a) core drilled from the proximal femur, 

b) extracted trabecular disks, c) and d) trabecular disks stored in sample holder for further 
experiments. 

2.  Multiscale and Multimodal Bone 
Characterization Experimental Techniques 

In this section we will present all the experimental techniques used in this thesis work. 
The experimental techniques have been divided accordingly to the scale they have been 
used to investigate to. Therefore, the macroscale have been investigated using MRI, µCT 
and biomechanical tests applied to the whole bone; the microscale have been inspected 
using the synchrotron radiation µCT and the microindentation applied to three small sub-
regions of each analyzed proximal femur; the nano and molecular scale have been 
investigated using X-ray absorption spectroscopy and Fourier transform infrared applied 
on the three different regions (great trochanter, femoral neck and head) of the examined 
proximal femurs. 
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2.1. Macroscale  

2.1.1. High Resolution Magnetic Resonance Imaging 
The most common MRI acquisition is done on the hydrogen proton 1H and the reason 

is that since human body is composed approximately by 60-65% of water it represents 
the molecule present in higher quantity and concentration.  

As previously explained all the spins of the protons are aligned along the main 
direction of the static magnetic field (B0) and an application of a second RF pulse can tip 
the net polarization vector sideways (with a so called 90° pulse), or even reverse it (with 
the 180° pulse). The protons will come into phase with the RF pulse and therefore each 
other. The recovery of longitudinal magnetization is called longitudinal or T1 relaxation 
and occurs exponentially with the time constant T1. The loss of phase coherence in the 
transverse plane is called transverse or T2 relaxation. T1 is associated with the enthalpy 
of the spin system, or the number of nuclei with parallel versus anti-parallel spin, while 
T2 is associated with the entropy of the system, or the number of nuclei in phase. When 
the radio frequency pulse is turned off, the transverse vector component produces an 
oscillating magnetic field which induces a small current. This small current is recorded 
by the receiver coil creating a signal called free induction decay (FID) and reconstructed 
into an image. 

 
Table 3. 2: List of main parameters used for MRI acquisitions. 

Seq. TR/TE 
(ms) 

Flip 
Angle (°) 

FoV  
(mm) 

Bandwidth  
(Hz/Px) NeX Voxel size 

(mm) 

Slice 
Thickness 

(mm) 
Slices Acq.Time 

(min:sec) 

7T TSE* 642 / 18 180 93*130 160 2 0.13x0.13 1.5 20 11:49 
7T GRE* 12 / 4.85 12 120*175 325 3 0.18x0.18 0.5 64 13:30 
7T TSE 1040 / 14 150 97*130 244 2 0.13x0.13 1.5 10 17:45 
7T GRE 11 / 5.60 12 120*175 330 3 0.18x0.18 1 48 9:27 
3T TSE 1170 / 12 140 119*119 255 2 0.21x0.21 1.1 36 16:45 
3T GRE 16.5 / 7.78 10 120*120 130 2 0.23x0.23 1.1 40 11:17 

TSE: turbo spin echo, GRE: gradient re-called echo, TR: repetition time, TE: echo time, FoV: 
field of view and NeX: number of excitations. The “*” refers to the pulse sequences performed 
using the new 7T MAGNETOM TERRA scanner recently approved for clinical applications. 

 
In MRI the static magnetic field is augmented by a field gradient coil to vary across the 

scanned region to associate different spatial location with different precession 
frequencies, so that only those spatial regions where precession frequencies and RF 
frequency matches will experience an excitation. Usually, these field gradients are 
modulated to sweep across the region to be scanned, and the variety of both RF and 
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gradient pulse sequences gives MRI its versatility. Change of the field gradient spreads 
the corresponding FID signal in the frequency domain, and this signal can be recovered 
and measured by a refocusing gradient (to create a so called “gradient echo”), or by a 
radio frequency pulse (to create a “spin echo”). The whole process can be repeated when 
some T1-relaxation has occurred, and the thermal equilibrium of the spins has been 
restored and the time between two successive excitations of the same slice is called 
repetition time (TR). Usually, in soft tissues T1 is around one second and T2 is a few tens 
of milliseconds, however these values may vary between different tissues as well as 
different external magnetic fields being responsible of excellent contrast between soft 
tissues. In addition, MRI contrast agents, i.e. Gadolinium, can be applied in order to 
shorten the relaxation parameters, especially T1. 

 
7T TSE (0.13x0.13x1.5 mm) 7T GRE (0.18x0.18x1.0 mm) 

  
(a) (b) 

Figure 3. 4: Proximal femur coronal plane acquired using (a) 7T turbo spin echo (TSE) MRI, 
and (b) 7T gradient re-called echo (GRE) MRI. 

In the present study four different MRI acquisitions were performed i.e. two pulse 
sequences (turbo spin echo (TSE) and gradient echo (GRE)) using two different scanners 
(3T Verio and 7T MAGNETOM, Siemens Healthineers, Germany). 3T MRI acquisitions 
were performed using a flexible 16Ch Heart coil, while 7T MRI was performed using a 
28Ch Knee coil. The corresponding sequence parameters were similar to those used in 
the literature (G. Chang, Honig, et al. 2014a; Techawiboonwong et al. 2005a; Roland Krug 
et al. 2008a) and adapted to our sample size (Table 3.2). For the whole set of acquisitions, 
Coronal slices were acquired to cover the entire femoral head with the highest resolution 
using an acceptable acquisition time for clinical applications (14±4 minutes) (Fig. 3.4). 
Finally, TSE and GRE were also performed using the new 7T MRI (MAGNETOM TERRA, 
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Siemens Healthineers, Germany) using the same 28Ch Knee coil as the previously 
reported, however this 7T MRI differs from the previous 7T scanner since it has recently 
received the certification for being applied in clinics. All the applied parameters are 
reported in Table 3.2 with the name of the sequence followed by an asterisk (*). 

 

2.1.2. X-ray micro Computed Tomography 
X-ray microtomography (μCT) is a non-destructive technique that uses X-rays to create 

a cross-section of a physical object that can be used to create a virtual 3D model from the 
computer analysis of the object X-ray absorption (Fig. 3.5). the prefix micro- indicates that 
the smallest pixel size achievable is in the micrometer range. μCT has application in 
several fields, medical imaging and industrial computed tomography for the material 
analysis but also archaeology for the analysis of the sarcophagi contents. In clinical CT 
scanners usually the specimen or patient is stationary, and the X-ray tube and detector 
are rotating around while in industrial setup the X-ray tube and detector are stationary, 
and the specimen rotates. 

The law of the X-ray absorption explains how, given an X-ray beam of initial intensity 
I0, it is attenuated of a characteristic intensity I(t) which is exponentially decreasing 
according to the mass attenuation coefficient (μ) and the travelled path in the object t. the 
mass attenuation coefficient depends by the density (ρ) of the crossed material and from 
the energy (E) of the X-ray beam. 

 
𝐼𝐼(𝑡𝑡) = 𝐼𝐼0𝑒𝑒−𝜇𝜇𝜇𝜇 

 
Hence, the X-ray beam when crossing a material is attenuated the more it crosses 

materials with high-atomic numbers, the lower is the energy and the greater is the 
thickness of the material. On the contrary, if the X-ray beam crosses a low-density 
material, travels a small thickness and the energy is high, the attenuation is lower. This 
explains why radiographies of higher-density material are brighter (maximal 
attenuation) and objects with lower-density appear darker (minimal attenuation). The 
principle of the tomographic reconstruction is that acquiring many radiographic 
projections on the same object from many angles it is possible to reconstruct the object in 
two dimensions. The third dimension is given by the application of complex algorithms 
able to elaborate pixels of successive scans. Each scan is represented by a 2D matrix where 
the smallest element, named pixel, has a gray-scale value corresponding to the measure 
of the beam attenuation in that specific point of the object. After the application of these 
reconstructive algorithms the obtained output is a digital image in which are represented 
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the density distribution for each slice of an object where the smallest element is the voxel. 
The smallest is the volume represented by the voxel the highest is the spatial resolution. 

 

 
Figure 3. 5: X-ray microtomography setup. 

In the present study, μCT images were acquired using Rx-Solution EasyTom XL 
ULTRA microtomograph (‘RX Solutions SAS, 3D X-Ray Tomography Systems.’, n.d.), 
with a 150 kV X-Ray Hamamatsu Tube allowing a focus spot size of 5 μm. In order to 
acquire the complete femur head volume, an isovolumetric voxel size between 51 and 62 
μm3 were chosen accordingly to the anatomical dimensions of the proximal femurs using 
an X-ray source voltage of 150 kV, a current of 343 mA, a frame rate of 8 images/s, and 
1440 projections. Each projection was calculated on the average of 10 images to enhance 
the signal to noise ratio. The acquisition time was 40 minutes. Additional scans of the 
extracted small specimens have been acquired using an isovolumetric voxel size of 25 
µm3 (X-ray source voltage of 129 kV, a current of 219 mA, a frame rate of 6 images/s, and 
1440 projections, each projection was calculated on the average of 10 images to enhance 
the SNR and the acquisition time was 30 minutes). 

 

2.1.3. Biomechanical Tests 
The mechanical behavior of entire bone organs is not trivial to be predicted since bone 

is a composite hierarchical material and therefore its mechanical response depends from 
both the properties of the material of which it is composed, and from the geometric spatial 
architecture in which the bone is arranged. A complete understanding of the relationship 
of these two bone characteristics is of great importance to both researchers and clinicians, 
as it would provide information about the normal behavior of whole bones during 
physiological activities, would identify areas of peak stresses which are more likely to 
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fracture during intense activity, and would allow the prediction of the effects caused by 
various pathological processes and drug treatments (Sharir, Barak, and Shahar 2008). 

The samples (from Sample 01 to Sample 07) were loaded to failure in an universal 
testing machine (Instron 5566, Instron, Canton, MA, USA). The femurs were placed 
within the loading apparatus so as to simulate a sideways fall on the greater trochanter 
(Manske et al. 2009; Eckstein et al. 2003). Specimens were first fixed in resin (Epoxy Axon 
F23) at 15° internal rotation and then the femoral heads were oriented at 10° adduction 
within the testing machine. The load was applied to the greater trochanter (displacement 
rate 10 mm/min) through a pad, which simulated a soft tissue cover, and the femoral 
head was covered with resin to ensure force distribution over a greater surface area. 
Large femur biomechanical fracture test setup is shown in Fig. 3.6. Failure load (in MPa) 
was defined as the first local maximum after which the load declined by more than 10% 
divided by the bone surface at the fracture site (Le Corroller et al. 2012). Fractures were 
visually classified according to clinical criteria (femoral neck, intertrochanteric, 
subtrochanteric, or isolated greater trochanteric fractures) (D. Guenoun et al. 2020a). 
Finally, to assess the correlation between mechanical tests and bone morphology the 
linear regression between fracture load and both BMD (DXA-derived and derived from 
µCT and MR images) and microarchitectural parameters has been computed. 

 

   
Figure 3. 6: Large femur biomechanical fracture test setup. 
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2.2. Microscale  

2.2.1. Synchrotron Radiation X-ray micro Computed 
Tomography 

The SYRMEP (SYnchrotron Radiation for  MEdical Physics) beamline of  the  Elettra 
synchrotron laboratory (Basovizza [Trieste], Italy), beamline has been designed for 
research in medical diagnostic radiology, material science and life science application. 
The use of monochromatic and laminar shaped beams allows, in principles, an 
improvement of the clinical image quality and an absorbed dose reduction. Moreover, 
the spatial coherence of the SYRMEP source, provided by the phase-contrast techniques, 
is used to overcome the poor absorption contrast of biological samples.  

The SYRMEP light source is a bending magnet and the horizontal acceptance covered 
by the front-end light-port is 7 mrad. The beamline setup showed in Fig. 3.7, provides a 
monochromatic and laminar-section X-ray beam with a maximum area of 160x5 mm2 at 
a distance of 23 meters from the source. The monochromator is based on a double Si (111) 
crystals working in Bragg configuration and covers the whole angular acceptance of the 
beamline. The crystals assembly is equipped with high precision motion stages to set the 
Bragg angle and to perform the fine angular alignments between the two crystals and 
translating the second crystal along a linear guide of an angle of approximately 3° with 
respect to the beam direction makes the fixed exit of the beam. The resulting 
configuration of the exit beam is a beam parallel to the incident one with vertical 
displacement of 20 mm. the useful energy range is 8.3–35 KeV with the intrinsic energy 
resolution of the monochromator of 10-4 is reduced to about 4x10-3 due to the natural 
divergence of the beam. 

Among the different captor configuration, the use of 16-bit air cooled CCD camera 
allows large field of view and small pixel size. In particular the camera quantum 
efficiency of 45% at 550nm at the scintillator emission wavelength, interline transfer air 
cooled CCD sensor with typical ∆T of > 55 OC allowing shutter less simultaneous 
exposure and read out cycles, a large field of view, continuously adjustable from 
13.294x13.294 mm, down to 2.105x2.105 mm, variable data transfer rate 1 and 12MHz, on-
chip up to 8x8 pixel binning, sub-area readout and up to 2048x2048 pixel resolution. 
Frame rate at 16-bit digitization: 2 fps unbinned. 



Chapter 3 

 

96 
 

 
Figure 3. 7: X-ray synchrotron microtomography setup at the SYRMEP (SYnchrotron 

Radiation for  MEdical Physics) beamline (Basovizza [Trieste], Italy). 

In the current study, two proximal femurs (Sample 08 and Sample 09) have been cut 
using a bandsaw along the axial direction (7 cm section proximal to the femur head) to 
completely remove the femoral diaphysis whose encumbrance would not have allowed 
the sample accommodation in the acquisition setup. The samples were kept at -25° before 
and after performing the image acquisition while they were acquired at room 
temperature (15°C). Synchrotron radiation propagation-based phase-contrast SR-μCT 
was used to obtain the 3D virtual reconstruction of the microstructure of examined bone 
volumes. The center core across the whole length of femoral neck was imaged at the 
SYRMEP beamline, employing a filtered (1.5 mm Si +1 mm Al) polychromatic X-ray beam 
delivered by a bending magnet source in transmission geometry and using a mean 
energy of 27 KeV. The detector used was a water-cooled, 16-bit, scientific Complementary 
metal–oxide–semiconductor (sCMOS) macroscope camera (Hamamatsu C11440–22C) 
with a 2048 ×2048 pixels chip with two GGG:Eu scintillator screen (respectively 45 and 
17 µm thick) through a high numerical aperture optics. The effective pixel size of the 
detector were set at 5.0×5.0 µm² and 0.9×0.9 μm² (obtained respectively using the 
scintillator of 45 and 17 µm of thickness), yielding a maximum field of view of about 
10.2×10.2 mm² and 1.8×1.8 mm² respectively. The sample- to-detector (propagation) 
distance was set at 150 mm. A set of 1200 projections were recorded, with continuous 
sample rotation over a 180-degree scan angle and an exposure time per projection of 2.5 
s. 

Each set of acquired raw images was processed using the SYRMEP Tomo Project (STP) 
software suite, developed in-house at Elettra (F. Brun et al. 2015) based on the ASTRA 
Toolbox (van Aarle et al. 2015), to perform the CT reconstruction employing the Filtered 
Back-Propagation algorithm using a filter (Baker et al. 2012) to reduce the so-called ring 
artefacts in the reconstructed slices. A single-distance phase retrieval algorithm was 
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applied to projection images before CT reconstruction (Paganin et al. 2002), setting a γ 
parameter (ratio between the real and imaginary parts of the complex refraction index of 
the material under investigation) of 50 and 20 for SRµCT images with a voxel size of 5 
and 0.9 µm3 respectively. 

 

2.2.2. Microindentation 
The small trabecular specimens extracted from the great trochanter, femoral neck and 

femoral head of the Sample 08 and Sample 09 were mounted in ABS custom cuboid 
sample holders (Fig. 3.8). The sample holder have been strategically designed to 
immobilize the trabecular specimens therefore simplifying their manipulation during the 
grinding and the microindentation procedures which were performed following the 
protocol previously validated by Renault et al. (Renault et al. 2020) which will be only 
briefly summarized below.  

The marrow trapped in the trabecular phase has been completely removed using a 
gentle water jet followed by an ultrasonic bath of 5 minutes (Philippe K Zysset et al. 1999). 
The distal surface of each specimen was polished with a polishing machine ESC-200-GTL 
(ESCIL®, Chassieu, France) with carbide papers (P600, P1200, P2500) under constant 
water irrigation. Subsequently, finer polishing was performed using a diamond solution 
using four different particle sizes (6, 3, 1 and 0.25 µm), which were applied in succession. 
The sample was cleaned with a gentle waterjet and via a 2-minute ultrasonic bath 
between each polishing step. Prior to mechanical testing, the sample preparation was 
controlled and validated under the optical microscope. Finally, the specimens were 
stored in their tubes with a solution containing calcium (50 mg/L) and sodium azide 
(0.01%) to prevent bone mineral matrix dissolving and avoid collagen degradation 
respectively (Gustafson et al. 1996). The tubes were then kept refrigerated at 4°C before 
indentation phase began. 

The trabecular bone of the whole set of specimens has been characterized using a 
microindentation apparatus (Tester NHT², Anton Paar ®, Switzerland and Austria) 
equipped with a sharp Berkovich diamond indenter (tip diameter: 120 nm, elastic 
modulus: 1141 GPa and Poisson’s ratio: 0.07) in a thermally controlled room at 23 °C and 
on a pneumatic antivibration table. For the indentation tests, the sample was set in a 
watertight support filled with calcium buffered saline up to the level of the polished 
surface. A total of 40 points were selected using a x20 microscopic objective on five 
different trabeculae located on the polished surface of the sample. A special attention was 
made on the placement of the points to avoid any border effect and therefore, indentation 
points were situated along the trabecular centerline. In addition, each indentation point 
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has been verified at magnitude x100 to avoid any surface irregularities (i.e. porosity). 
Before each set of indentation, a calibration session test was made on a fused silica 
reference sample, the mean values obtained were 71.3±1.6 GPa, knowing that the 
reference data was 72 GPa. 

 

   
Figure 3. 8: Microindentation test setup. 

The bone trabeculae were then indented using a trapezoidal loading profile (30 s: 60 s: 
30 s, max load 40 mN) in the distal (polished) surface of each sample. The 60 s plateau 
time, higher than that found in the literature, was chosen from initial tests because wet 
tissue displays more viscous mechanical behavior. The sample hardness (H) and elastic 
modulus (Es) were calculated using the Oliver and Pharr method (Oliver and Pharr 1992). 
The hardness corresponded to the mean pression under the tip at maximal depth, H = 
Pmax/Ac, where Pmax is the maximum load and Ac the contact area, while the elastic 
modulus was calculated using the unloading tangent from the indent load-displacement 
curve (Oliver and Pharr 1992) derived from the equation: 

 
1
𝐸𝐸𝐸𝐸

=
(1 − 𝜈𝜈𝑠𝑠2)

𝐸𝐸𝑠𝑠
+

(1 − 𝜈𝜈𝑖𝑖2)
𝐸𝐸𝑖𝑖𝜇𝜇

 

 
where 𝐸𝐸𝑖𝑖𝜇𝜇 and 𝜈𝜈𝑖𝑖 are the known elastic modulus and Poisson’s ratio of the indenter and 

𝐸𝐸𝑟𝑟 the reduced modulus. In this study, the Poisson’s ratio was assumed to be 0.3, since 
the relative error, by varying the Poisson’s ratio from 0.2 to 0.4, was found to be less than 
8% in elastic modulus (P. K. Zysset 2009; D. Wu et al. 2018).  

The mean and standard deviation for elastic moduli and the hardness, both expressed 
in GPa, were obtained for all the different tested specimens.  
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2.3. Nano- and Molecular Scale 

2.3.1. X-ray Absorption Spectroscopy 
The X-Ray Absorptiometry Spectroscopy (XAS) study the absorbing coefficient of a 

substance in function of the incident radiation energy of the X-Ray (D. C. Koningsberger 
and R. Prins 1988; de Groot and Kotani 2008; Yano and Yachandra 2009; Henderson, de 
Groot, and Moulton 2014).  

The interaction between radiation-subjects at the energy considered is represented by 
the photoelectron absorption, where a photon ejects an electron from an inner state (core 
electron) of an atom at the right energy. A photon is absorbed, and an electron is excited 
from a core state to an empty state (Yano and Yachandra 2009; Penner-Hahn, n.d.; 
Gherase and Fleming 2019). To excite an electron in a given core-level, the photon energy 
has to be equal or higher than the binding energy of this core-level. This give rise to the 
opening of a new absorption channel when the photon energy is scanned. The energy of 
an absorption edge therefore corresponds to the core-level energy, which is characteristic 
for each element, making XAS an element-selective technique (de Groot and Kotani 2008; 
Yano and Yachandra 2009; Henderson, de Groot, and Moulton 2014). With XAS It is 
possible to measure anything and with most elements of the periodic table without the 
need of any assumption of symmetry or periodicity (Yano and Yachandra 2009; Bazin et 
al. 2014). It is possible to measure crystals or liquids or mixed phases, thin films, 
engineered materials and so on… however it is important to individuate the beamline 
that covers the absorber edge energy. During the acquisition an incident X-ray of energy 
E is absorbed, destroying a core electron of binding energy E0 and emitting a 
photoelectron with kinetic energy (E-E0) (Henderson, de Groot, and Moulton 2014; 
Penner-Hahn, n.d.). The core state is eventually filled ejecting a fluorescence X-ray. In 
XAS it is measured the dipole mediated transition of the electron in a deep core state into 
an unoccupied state ruled by the Fermi Golden Rule (Henderson, de Groot, and Moulton 
2014; de Groot 2001).  

The X-ray absorption spectroscopy setup at CLÆSS (Core Level Absorption & 
Emission Spectroscopies) beamline of the ALBA Synchrotron (Barcelona, Spain) is 
represented in Fig. 3.9. 
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Figure 3. 9: X-ray absorption spectroscopy setup at CLÆSS (Core Level Absorption & Emission 

Spectroscopies) beamline of the ALBA Synchrotron (Barcelona, Spain). 

The measurement’s goal of XAS are about the atomic and electronic structure of the 
material measured, both qualitative and quantitative about the local structure of the 
excited absorbing element and it is possible to investigate (de Groot and Kotani 2008; 
Yano and Yachandra 2009; Henderson, de Groot, and Moulton 2014; Penner-Hahn, n.d.; 
Eisenberger and Kincaid 1978): 

• Valence: the charge state of the absorber 
• Species: what kind of atoms surround the absorber 
• Number: how many of those surrounding atoms there are 
• Distance: how far away surrounding atoms are 
• Disorder: how atoms are distributed due to thermal motion on structural 

disorder 
The X-ray absorption spectrum is usually divided into two regimes: the X-ray 

absorption near-edge spectroscopy (XANES), the region from before the threshold to 60-
100 eV after the threshold and the extended X-ray absorption fine-structure spectroscopy 
(EXAFS) region which goes until the end of the spectrum (Fig. 3.10) (Yano and Yachandra 
2009; Henderson, de Groot, and Moulton 2014; Penner-Hahn, n.d.; Gherase and Fleming 
2019; de Groot 2001; Bazin et al. 2014). Although the two have the same physical origin, 
this distinction is convenient for the interpretation. XANES is strongly sensitive to formal 
oxidation state and coordination chemistry (octahedral, tetrahedral coordination) of the 
absorbing atom, while EXAFS is used to determine the distances, coordination number, 
and species of the neighbors of the absorbing atom (de Groot and Kotani 2008; Yano and 
Yachandra 2009; Carpentier et al. 2010; Sepulcre et al. 2004). 

XAS methodology is an element specific methodology, so that it is possible to focus 
only on one element without interference from other elements present in the sample, and 
it is also possible to study the structural environment of each atom selectively (de Groot 
and Kotani 2008; Bazin et al. 2014; Gherase and Fleming 2019; Sepulcre et al. 2004; 
Sindhupakorn and Kidkhunthod 2021). Moreover, the atom of interest is never silent with 
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respect to XAS spectra while this is not always the case with respect to optical or other 
spectroscopic methodologies. XAS is not limited by the sample state as it is sensitive only 
to the local site structure (Corbett et al. 2007). Finally, damages to biological samples 
could be caused by X-rays however the diffusion of free radicals and hydrated electrons 
(both produced in biological samples by X-rays) can be minimized by the use of low 
temperatures (Yano and Yachandra 2009; Corbett et al. 2007).   

 
Figure 3. 10: X-ray absorption spectroscopy of Calcium K-edge showing both the X-ray 

absorption near-edge spectroscopy (XANES) and extended X-ray absorption fine-structure 
spectroscopy (EXAFS) regions. 

XANES  
The interpretation of XANES is complicated by the fact that there is not a simple 

analytic (or even physical) description of XANES (Penner-Hahn, n.d.; Sepulcre et al. 
2004). It is clear, that the edge position and shape is sensitive to formal valence state, 
ligand type, and coordination environment (Rehr and Ankudinov 2001). If nothing else, 
XANES can be used as a fingerprint to identify phases (Penner-Hahn, n.d.; Sepulcre et al. 
2004). Although the lack of a simple analytic expression complicates XANES 
interpretation, it can be described qualitatively (and nearly quantitatively) in terms of 
coordination chemistry, molecular orbitals, band-structure and multiple-scattering 
(Penner-Hahn, n.d.; Gherase and Fleming 2019; Rehr and Ankudinov 2001). These 
chemical and physical interpretations are all related, it all boils down to determining 
which electronic states the photoelectron can fill. In particular, for K shell absorption, 
where the core-level is a 1𝑠𝑠 state, the photo-electron has to end up in a 𝑝𝑝 state (in general, 
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the photo-electric effect changes the orbital quantum number 𝑙𝑙 to 𝑙𝑙 ± 1) (Yano and 
Yachandra 2009; Henderson, de Groot, and Moulton 2014). Thus, even if there are 
available states with the right energy, there might be no 1𝑠𝑠 absorption if there are no 
available 𝑝𝑝 states. For EXAFS, where the energies are well-above the threshold energy, 
this is rarely an important concern. For XANES, on the other hand, this can play a very 
important role and the spectra are especially sensitive to such hybridization (Henderson, 
de Groot, and Moulton 2014). Moreover, an important and common application for 
XANES is to use the shift of the edge position to determine the valence state (de Groot 
and Kotani 2008). It is possible to show the valence dependence of ions and oxides ions. 
With good model spectra, the ratio between oxides can be determined with very good 
precision and reliability. The heights and positions of pre-edge peaks can also be reliably 
used to empirically determine oxidation states and coordination chemistry (Henderson, 
de Groot, and Moulton 2014; Penner-Hahn, n.d.; Nguyen et al. 2011). These approaches 
of assigning formal valence state based on edge features and as a fingerprinting technique 
makes XANES somewhat easier to crudely interpret than EXAFS, even if a complete 
physical understanding of all spectral features is not available. For many systems, 
XANES analysis based on linear combinations of known spectra from “model 
compounds” is sufficient to tell rations of valence states and/or phases (de Groot and 
Kotani 2008; Yano and Yachandra 2009; Henderson, de Groot, and Moulton 2014; Penner-
Hahn, n.d.). More sophisticated linear algebra techniques such as Principle Components 
Analysis and Factor Analysis can and are also be applied to XANES spectra. 

 
EXAFS 
EXAFS refers to the details of how X-rays are absorbed by an atom at energies near 

and above the core-level binding energies of that atom. Specifically, EXAFS is the 
oscillatory behavior of an atom’s X-ray absorption coefficient above an absorption edge 
due to the chemical and physical state of the atom (de Groot and Kotani 2008; Eisenberger 
and Kincaid 1978). The origin of these oscillations is of quantum mechanical nature. In 
fact, the photo electron has to be considered as a spherical wave which propagates away 
from the absorbing atom (Rehr and Albers 2000; Sayers, Stern, and Lytle 1971; Sepulcre 
et al. 2004). This propagating wave eventually interacts with the electronic potentials of 
the neighbor atoms and part of this wave is back scattered towards the origin, therefore 
generating an interference phenomena between the outgoing wave and the back 
scattered wavelets (Yano and Yachandra 2009; Rehr and Albers 2000). This interference 
gives rise to a modulation of the absorption probability. The EXAFS signal, which 
contains the information on the local structure, can be isolated and the frequencies in the 
signal are directly proportional to the bond distances between the absorber atom and its 
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neighbors (Henderson, de Groot, and Moulton 2014; Penner-Hahn, n.d.; Rehr and Albers 
2000). EXAFS spectra are especially sensitive to the formal oxidation state, coordination 
chemistry, and the distances, coordination number and species of the atoms immediately 
surrounding the selected element (Yano and Yachandra 2009; Gherase and Fleming 2019; 
Sepulcre et al. 2004). Because of this dependence, EXAFS provides a practical way to 
determine the chemical state and local atomic structure for a selected atomic species 
(Henderson, de Groot, and Moulton 2014; Penner-Hahn, n.d.; Gherase and Fleming 2019; 
Rehr and Albers 2000). EXAFS spectra can be measured for essentially every element on 
the periodic table (Eisenberger and Kincaid 1978). Importantly, crystallinity is not 
required for EXAFS measurements, making it one of the few structural probes available 
for non-crystalline and highly disordered materials, including solutions (Eisenberger and 
Kincaid 1978). 

 
XAS acquisition 
In the current study, the small samples extracted in the three regions of the proximal 

femur (great trochanter, femoral neck and femoral head) from Sample01 to Sample05 
were simply kept stored at -25°C before and after acquisition. The acquisition has been 
performed keeping the samples in an under vacuum (10-² bar) liquid nitrogen cryostat 
(LN2-cryo) environment at -80°C, which allows fully automatized X-ray absorption 
measurements in both transmission and fluorescence modes. The K-edge spectroscopy is 
a spectroscopic technique used to study the electronic structures of transition metal atoms 
and complexes. This method measures X-ray absorption caused by the excitation of a 1s 
electron to valence bound states localized on the metal, which creates a characteristic 
absorption peak called the K-edge. Calcium K-edge XAS measurements were collected in 
the fluorescence mode at the CLÆSS (Core Level Absorption & Emission Spectroscopies) 
beamline of the ALBA Synchrotron (Barcelona, Spain) using a single channel silicon drift 
detector. The synchrotron radiation of a wiggler source was monochromatized by means 
of a Si(111) double crystal monochromator. The focus at the sample position was 200x200 
µm. The calibration of the monochromator was performed by measuring the spectrum of 
the Calcium Phosphate 𝐶𝐶𝐶𝐶3(𝑃𝑃𝑃𝑃4)2 pellet measured in transmission mode. The absolute 
energy reproducibility of the measured spectra was ±0.1 eV. The incoming energy 
resolution around the Calcium K-edge can be estimated below 0.4 eV. The incoming and 
outcoming flux have been measured by two customized ionization chambers to have 
respectively the ~10 and 75% of absorbance.  

The spectra, between 45 to 55 per sample depending on the sample size, have been 
selected and acquired following a grid with a step size of 1.25mm, were measured in 
fluorescence using a 6-channel silicon drift detector (SDD) (Xspress'3 from Quantum 
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Detectors). Energy scans were made from 3950 to 4460 eV using an integration time of 0.5 
s per point. 

 
CLÆSS Spectra Analysis 
Synchrotron raw data were analyzed with the collaboration of CLAESS beamline 

team. Firstly, the raw spectra were imported in an opensource software, Demeter 
(v0.9.26)(Ravel and Newville 2005), which is a comprehensive opensource system for 
processing and analyzing X-ray Absorption Spectroscopy data. Demeter includes three 
sub-softwares Artemis, Athena and Hephaestus.  In our study Athena is the only 
software used, whose main function is to import and process XAS data which can be 
summed in three main steps: (i) import raw data and convert it to μ(E), (ii) normalize the 
data to make the measurements independent from sample details and detector setup, 
(iii) determine the background function and subtract it from the data in order to generate 
EXAFS fine-structure function Χ(k).  

The normalization process aims to regularize the data with respect to variations in the 
sample preparation sample thickness, absorber concentration, detector and amplifier 
settings and any other measurements aspects and this step is crucial for the comparison 
with the theory. The normalization of a spectrum is controlled by the pre-edge and post-
edge range, which defines two regions of the data, respectively before and after the edge 
(E0). A line is regressed to the data in the pre-edge range and a quadratic polynomial is 
regressed to the data in the post-edge range. Athena also uses all the data in the ranges 
in the regressions, hence providing the regressions relatively insensitive to exact value 
of boundaries. The criteria for a good pre- and post-edge lines are subjective but as a 
main principle they must be chosen in order to pass through the middle of the data of 
their respective ranges. The position of the pre- and post-edge line (Fig. 3.11a) are shown 
be the little orange markers. The pre-edge line is extrapolated to all energies in the 
measurement range data and subtracted to μ(E) with the consequent effect to put the pre-
edge portion of the data to the y=0 axis. The normalization constant, μ0(E0), is evaluated 
by extrapolating the pre- and post-edge lines to E0 and subtracting the E0-crossing of the 
pre-edge line from the E0-crossing of the post-edge line, the outcome difference is the 
edge step parameter. A flattened spectrum is then retrieved by subtracting the difference 
in slope and the quadrature between the pre- and the post-edge lines from the data, after 
E0. This step has the effect to push the oscillatory part to the y=1 line and is used because 
the features extrapolation and further computations usually benefit from using flattened 
data rather than simply normalized data. Once normalized, in the spectra might still be 
present some spurious points which might be removed performing the so-called 
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deglitching. An example of a spectrum before and after normalization is presented in 
Figure 3.11.  

 
Figure 3. 11: X-ray absorption spectroscopy spectrum. a) Spectrum after positioning of the pre- 

and post-edge lines, b) spectrum after normalization and before deglitching, c) final XAS 
normalized spectrum, ready to be analyzed. 
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Figure 3. 12: Kernel density estimation of the derived features at CLÆSS beamline of the ALBA 

Synchrotron. 

From each spectrum it has been possible to extrapolate four features: (i) the pre-peak 
area (I_G) providing a direct information on what is next to the Calcium element, (ii) the 
R distance representing the mean distance between the calcium and its closest atom, the 
oxygen, (iii) the ss2 which is the order degree of the Calcium structure providing 
information on the hydroxyapatite crystallinity, and (iv) the Ca/P ratio (MapRatio) 
which is the ratio between the calcium and the phosphorous. The features have been 
calculated on the basis of kernel density estimation (KDE), which in statics is non-
parametric way to estimate the probability density function of a variable and it is a 
fundamental data smoothing problem where interferences about the population are 
made, based on a finite data sample. Therefore, we were able to provide a map for each 
of the described feature as shown in Figure 3.12. 
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2.3.2. Infrared Spectroscopy 
Infrared (IR) spectroscopy is an absorbing spectroscopy technique normally used in 

the field of analytical chemistry and material characterization, as well as in physical 
chemistry for the study of the chemical bonds (Peter R. Griffiths and James De Haseth 
2007; Taylor and Donnelly 2020). When an infrared photon is absorbed by a molecule, 
this molecule shifts from a fundamental vibrational state to an excited vibrational state 
(Peter R. Griffiths and James De Haseth 2007; A. Boskey and Pleshkocamacho 2007). 
These shifts are responsible for an IR spectrum where typically in the x-axis there are the 
frequencies expressed in wavenumber (v expressed in cm-1), and in the y-axis there is the 
percentage of transmitted radiation, transmittance. Therefore, there will be transitions 
between vibrational energetic levels and the spectrum will be characterized by a peak 
(with variable heights) for each transition. In particular, the Fourier-Transform IR 
spectroscopy (FTIR) uses an interferometer which allows the scan of all the frequencies 
in the infrared radiation generated by the source (Peter Larkin 2011). An example of both 
infrared spectroscopy setup and IR spectra are shown in Figure 3.13. Among the several 
advantages with respect to conventional IR, it provides higher performances increasing 
the SNR, reducing the acquisition time and the resolution power which is maintained 
constant along all the IR spectrum (Taylor and Donnelly 2020). Through a detailed 
analysis of the absorption spectra, it is possible to derive information of subtle 
interactions with the surrounding groups of a molecule, and in case of FTIR analysis of 
bone, the spectra provide information on all bone tissue components (Peter Larkin 2011; 
Brian C. Smith 2011). In fact, the protein and mineral constituents produce an intense and 
structure-sensitive infrared modes, providing information for both the mineral 
(carbonate substituting in the apatite lattice and phosphate from the apatite itself) and 
collagen (Amide I, II and III) (Brian C. Smith 2011). 

 

  
Figure 3. 13: Infrared Spectroscopy. a) Fourier Transform Infra-Red (FTIR) spectroscopy setup 

and b) FTIR spectra of bone sample showing principal tissue components and corresponding 
wavelength positions. 
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The most frequently reported parameters of FTIR spectroscopy regarding bone 
mineral properties are the mineral to matrix ratio, the mineral maturity/crystallinity, and 
the collagen maturity usually expressed as the ratio of the major Type I bone collagen 
crosslinks (Paschalis 2019a; Stockhausen et al. 2021; F. Z. Ren and Leng 2011; Landi et al. 
2003b). The integrated area under an infrared band is directly proportional to the amount 
of species that generates the band. Therefore, the ratio between the integrated phosphate 
and any of the amide bands (usually Amide I) represent the amount of mineral 
normalized to the amount of collagen present, providing a measure of BMD that is seen 
to correlate with ash weight measurements (Faibish, Ott, and Boskey 2006). However, 
this BMD measurement provide information on the amount of mineral per volume 
analyzed per amount of collagen present whereas conventional BMD parameters express 
the amount of mineral per volume. On the other hand, it may provide a description about 
the mineralization differentiating between hypo- or hyper-mineralized because it 
encompasses the major constituent of the bone. Through spectroscopic and mathematic 
analysis of the phosphate band, spectral regions have been identified and correlated with 
the various chemical environments present in biological apatites, allowing the 
monitoring of the calcium phosphate crystal maturity (Chappard et al. 2016). Mineral 
characteristic varies with tissue age as a result of the dynamic physical chemistry status 
of the crystals bathing in biological fluids. Hence, in the same specimen it is possible to 
find variable mineral maturity. As a function of age not only the carbonate content but 
also the type of substitution may vary influencing the solubility and the crystallinity (size 
and shape) of the apatite crystals (Faibish, Ott, and Boskey 2006). Among the type of 
substitutes the most studied are the Type A, where a carbonate is in the hydroxyl position 
of the apatite, and Type B where a carbonate is in the phosphate, and labile which 
represents loosely adsorbed carbonate on the crystal surfaces (Landi et al. 2003b). The 
contribution of the mineral maturity/crystallinity in determining bone strength may be 
represented in an increased bone fragility due to and increased maturity/crystallinity of 
the apatites (Paschalis 2019a; F. Z. Ren and Leng 2011). Analysis of the two major 
mineralizing Type I collagen crosslinks (pyr and dehydrodihydroxynorleucine) in this, 
histologically stained bone sections allowed the establishment of their spatial 
distribution variation as a function of anatomic location, cellular activity and tissue age 
(Schmidt et al. 2017a). As a result, it is feasible to describe differences between healthy 
and diseased bone independently by the status of bone turnover. 

IR analysis of bone tissue has proven to be a valuable tool in the field of osteoporosis 
and other conditions affecting bone quality (Faibish, Ott, and Boskey 2006; Zhai et al. 
2019a; Huang et al. 2003). The fact that it allows the analysis of anatomic section at 
microscopic level, makes IR feasible for the detection of differences between normal and 
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osteoporotic human bone both at mineral maturity/crystallinity and collagen crosslink 
ratio both invariably higher in osteoporotic bone. 

In the current study, in order to assess the mineral maturity/crystallinity the 
attenuated total reflection Fourier transform infra-red (ATR-FTIR) measurements were 
obtained using a Thermo Nicolet iS50 FTIR spectrometer (Thermo Fisher Scientific Co., 
Waltham, MA, USA) equipped with a deuterated triglycine sulphate (DTGS) detector. 
The ATR spectra were recorded using a diamond ATR Smart OrbitTM accessory (from 
Thermo Optec) in the Mid-IR spectral range 4000-527 cm-1, averaging 64 scans for each 
measure and 64 scans for the background. The spectral resolution is 4 cm-1. For each bone 
sample, a small fragment was collected and analyzed. The fragments were first grinded 
in an agate mortar and the powder obtained was successively placed on the ATR 
diamond crystal. Pressure was applied to the powder to optimize the contact with the 
diamond crystal. Several replicate spectra were acquired for each fragment. The spectra 
selected for interpretation are those which presented the highest signal-to-noise ratio. 

3.  Image Processing and Analysis 

Image Registration 
Image registration was necessary to perform morphological analysis in the same bone 

region. Due to the difference in the slice thickness between MR and µCT images, the 
image alignment according to the same coronal plane is of utmost importance to obtain 
the same region of interest for the morphological analysis. Therefore, MRI and µCT 
images were co-registered in the coronal plane using a 3D-printed plastic registration tool 
positioned inside the plastic jar as shown in Figure 3.2c. In particular, the MRI alignment 
was performed during the acquisition by positioning the scan regions accordingly to the 
3D-printed registration tool, while the μCT alignment along the same coronal plane was 
performed during the post-processing volume reconstruction step. 

After the manual 3D alignment, an automatic 2D registration was used between one 
MR slice and a stack of 60 consecutive μCT slices (Nreg) centered in the MRI absolute 
location to find the µCT image that better corresponded to the MRI one. The registration 
efficiency was assessed on the basis of the normalized cross-correlation (NCC), which 
measures the similarity between template and image by searching the location of the 
maximum value in the image matrices, as previously reported (Hisham et al. 2015a). 
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Figure 3. 14: Registration workflow. 

For each stack of 60 µCT images, we selected the µCT slice with the highest NCC score 
as the slice that better registered with the corresponding MRI one. The MRI images were 
first upscaled to the µCT matrix size (1785×1380 pixels) using the bilinear interpolation 
in order to work in a unique reference frame (Dachena et al. 2019). The registration was 
then performed using a MATLAB (MathWorks, R2020b) built-in function, imregister, 
with a multimodal approach and a geometric affine transformation (Figure 3.14). 
Moreover, we defined the number of μCT images between two consecutive best-
registered μCT slices as ΔIm. Considering that MR images were recorded with a space 
between slices equal to the slice thickness and in order to reduce the cross-talk effects, we 
also defined the distance between consecutive MRI slices as the expected ΔIm (expΔIm) 
(expressed in the number of µCT images). The expΔIm, which is unique for each MRI 
sequence, was calculated from the ratio between the sum of slice thickness and space 
between slices, and the µCT slice thickness. It is now possible to evaluate the registration 
quality by comparing the ΔIm mean values found between two consecutive best-
registered µCT slices and the expΔIm. Moreover, to maximize the region of interest (ROI), 
the registration process was performed on the 3 central MRI slices characterized by the 
higher femur head surface. The morphological parameter analysis was performed on 2D 
slices. 
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Bone Morphological Quantification 
Conventional histomorphometric parameters were quantified and compared in 

registered μCT/MR images using their original resolutions. Since the binarization of the 
solid part of MR images was not trivial, the Sauvola filter, an automatic local thresholding 
technique particularly useful when the background is not uniform with a window size of 
10×10 pixels, was applied (Dougherty and Kunzelmann 2007b) to eliminate possible 
biases due to manual thresholding and to take into account important contrast variations 
observed in images. The segmentation of the µCT images was straightforward, since the 
contrast was high and the voxel size was smaller than the trabecular thickness. 

Three independent parameters were extrapolated from all the binarized ROIs for the 
multimodal and multiscale comparative analysis (Lam et al. 2011a; Pierre-Marie 
Robitaille and Lawrence Berliner 2006). The bone volume fraction (BVF) was calculated 
as the ratio between bone volume and total volume. The trabecular thickness (Tb.Th) and 
the trabecular spacing (Tb.Sp) were extrapolated using the distance transformation map, 
from which the aperture map was derived using the software iMorph (iMorph_v2.0.0, 
AixMarseille University, Marseille, France) (E. Brun, Ferrero, and Vicente 2017b; E. Brun 
et al., n.d.). The aperture map previously used for the 2D and 3D morphology evaluation 
of porous matters in several fields (E. Brun, Ferrero, and Vicente 2017b) gives the 
diameter of the maximal disk totally enclosed and containing this voxel for every pixel. 
Tb.Th and Tb.Sp were then deduced from the mean values of the aperture map 
distribution, respectively, in the solid and the marrow phase. The trabecular number 
(Tb.N) was derived from the ratio between BVF and Tb.Th. The aperture map has been 
previously used for the 3D morphological evaluation of porous materials in different 
fields (E. Brun, Ferrero, and Vicente 2017b; Burghardt, Link, and Majumdar 2011a). The 
aperture map approach, compared to the commonly used mean intercept length 
technique, provides local information with a sub-voxel precision (E. Brun, Ferrero, and 
Vicente 2017b; Johansson et al. 2019). 

Three additional morphological parameters were also assessed, i.e., the principal and 
secondary trabecular orientation (Tb.OrP and Tb.OrS, respectively) and the trabecular 
interconnectivity (Tb.Int). The local orientation of each pixel was computed using 
multiple 2D local Hessian matrices, each one resulting from the second-order derivatives 
of the gray level image convolved with a Gaussian matrix of fixed standard deviations 
(σ from 1 to 5). The eigenvalues and eigenvectors of the five 2D Hessian matrices were 
calculated and the eigenvectors corresponding to the largest eigenvalues were kept. The 
orientation was then calculated from the four-quadrant inverse tangent (tan−1) from the 
eigenvectors translating the main orientation (Ian Goodfellow, Yoshua Bengio, and 
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Aaron Courville 2016). The orientation distribution was computed considering the local 
orientation of binarized solid voxels only. In order to identify the first and second main 
directions of the trabeculae, the 2 Gaussian curves fitting method was applied using an 
in-house MATLAB code based on built-in function fitnlm, which was adapted to resolve 
the following model: 
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where 𝐶𝐶 is the y-intercept, 𝑚𝑚 is the slope, and 𝜇𝜇1,𝜎𝜎1 and 𝜇𝜇2,𝜎𝜎2 are, respectively, the 

mean and SD of the first and second Gaussian curves. 
Tb.OrP was expressed as the mean±SD of the principal fitted Gaussian curve; Tb.OrS 

is presented as the difference between absolute mean secondary orientation and the main 
principal orientation. Trabecular interconnectivity was computed as the standard 
deviation of the whole trabecular orientation distribution from the main principal 
trabecular orientation. Tb.Int represents the trabecular orientation variability and could 
provide information about the bone adaptability to stresses coming from different 
directions (Figure 3.15). 

A one-way analysis of variance (factor = imaging modality) was carried out to assess 
the statistical effect of the imaging modality on the different morphological parameters. 
A p-value lower than 0.01 was considered as statistically significant. Linear regression 
was performed to address the functional relationship between the different imaging 
modalities. In addition, a Bland–Altman (BA) analysis was used to assess the agreement 
between the imaging modalities. The BA analysis allows the identification of any 
systematic difference between the measurements or possible outliers, and it is usually 
used to investigate any possible relationship of discrepancies between the measurements 
and the true value. Intraclass correlation coefficients (ICCs) were also calculated as 
previously reported (Koo and Li 2016a) and the agreement was considered as low 
(ICC<0.5), good (0.5<ICC<0.75) or excellent (ICC>0.75). Moreover, the clinical relevance 
of bone microarchitecture was assessed by calculating the linear regression between 
BMD, determined from the DXA scan, and the morphological parameters computed from 
the image analysis of the different imaging techniques and sequences. 
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Figure 3. 15: Preprocessing and elaboration steps for the microarchitecture characteristics 

assessment. 

 
Bone Mineral Density Assessment 
BMD was also assessed using µCT and 7T MR images for comparison purposes. Two 

approaches were proposed and applied: one volumetric method, using all µCT images 
which provided a complete 3D bone reconstruction (Arokoski et al. 2002a), and one areal 
method, using the µCT and MR images with higher 2D bone surface, hence 
corresponding to the central coronal plane. 

The BMD-DXA from the specific region of the femur neck were retrieved and the ROI 
used to calculate it, was individuated. Femur neck ROI was chosen as it represents one 
of the regions more affected by fragility fractures due to osteoporosis and one of the most 
commonly occurring due to sideways fall. The angle between the long bone axis and the 
femur head was individuated and the stack of images were oriented to obtain the ROI of 
the femur neck perpendicular to the y-axis (see Figure 3.16). 

Firstly, using all the µCT images, a volumetric region of interest (VOI) in 
correspondence of the ROI used to evaluate the femur neck BMD-DXA was individuated 
manually. The number of bone voxels was assessed by applying the same threshold as 
described in the previous section. Bone mineral content (BMC(1)) was calculated as the 
product of bone voxels for the bone density adjusted for porosity (ρ = 1.2 g Ca/cm3) 
(Laval-Jeantet et al. 1983a). To provide the BMD comparable to conventional BMD-DXA 
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(expressed in g/cm2), in case of 3D µCT, the BMC(1) was divided by the bone surface of 
the central coronal plane of the VOI analyzed. 

The same concept was applied to calculate BMD from a 2D image for both µCT and 7T 
MRIs. After the positioning of the ROI in accordance with the ROI used for the DXA 
analysis in the femur neck, the central coronal image in the ROI was selected and 
binarized. The vector crossing the bone surface in the middle was individuated and used 
as the rotation axis. 

 
Figure 3. 16: Workflow for numerical bone mineral density estimation. 

The volume that each bone pixel depicts over a rotation of 180° around the rotation 
axis was calculated using the volume ring formula, hence integrating the 2D surface to 
obtain an apparent bone volume (Vapp) of the femur neck. The calculation was performed 
assuming unit height, and major (R) and minor (r) radii were assessed with respect to the 
rotation axis (Figure 3.16). The rotation of the 2D surface around the central coronal plane 
of the femur neck was made on the basis of the femur neck anatomy. In fact, the cortical 
thickness, which represents the most representative bone region for the BMD, is not 
homogeneous. The bottom cortical layer of the femur’s neck is thicker than the upper 
layer. On that basis, a rotation over 2π of a surface expressing both the superior and 
inferior cortical layers, would provide a more reliable approximation of the total femur 
neck volume. Once obtained, the apparent bone volume, BMC(2) and BMD were derived 
as previously described. Finally, to assess the correlation between techniques, the linear 
regression was computed between BMD derived from DXA scans and those calculated 
from µCT and 7T MRIs in the same femoral neck ROI. 
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Sub-voxel processing 
The sub-voxel processing (SubVoxel), first reported by Huang et al. (Hwang and 

Wehrli 2002), is an empirical algorithm (rather than one derived from mathematical 
theory), and it is based on the assumption that smaller voxels are more likely to have high 
bone volume fraction (BVF) and that bone is generally in close proximity to more bone. 
The main principle of the algorithm is the partitioning of each voxel into eight sub-voxels 
by strictly enforcing bone mass conservation. The total BVF in the original voxel is 
divided among the sub-voxels. The precise amount allocated to each sub-voxel is 
determined by the amount ad location of bone outside the voxel but adjacent to the sub-
voxel. Thus, bone tends to be concentrated in the area of the voxel that closest to other 
bone. The images are assumed to be BVF maps where the value of each voxel is equal to 
the volume fraction occupied by bone.  

In sub-voxel processing the voxel is first partitioned and each sub-voxel is assigned 
with a weight (wsubvoxels) computed as the sum of the BVFs from all the voxel adjacent to 
it, where the number of adjacent voxels is 2N-1, with N being the dimensionality of the 
image array. The bone is then partitioned among the sub-voxels according to their 
fractional weights. The absolute volume of bone in the voxel (BVvoxel) is then equal to the 
product of BVF of the voxel (BVFvoxel), the bone volume fraction of the voxel, and the 
volume of the voxel (Vvoxel). To enforce conservation of bone mass, the volume of bone 
allocated to a sub-voxel (BVsubvoxel) may be assumed to be weight of the sub-voxel divided 
by the sum of the sub-voxels weights multiplied by the original bone volume of the voxel. 
Subsequentially, the BVF assigned to each sub-voxel (BVFsubvoxel) is then the calculated 
bone volume of the sub-voxel divided by the volume of the sub-voxel  

 

𝐵𝐵𝐵𝐵𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥𝑠𝑠𝑠𝑠 =
𝐵𝐵𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥𝑠𝑠𝑠𝑠
𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥𝑠𝑠𝑠𝑠

=
𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥𝑠𝑠𝑠𝑠
𝑤𝑤𝜇𝜇𝑠𝑠𝜇𝜇𝑡𝑡𝑠𝑠

× 𝐵𝐵𝐵𝐵𝐵𝐵𝑠𝑠𝑠𝑠𝑥𝑥𝑠𝑠𝑠𝑠 ×
𝐵𝐵𝑠𝑠𝑠𝑠𝑥𝑥𝑠𝑠𝑠𝑠
𝐵𝐵𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥𝑠𝑠𝑠𝑠

=
𝑤𝑤𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥𝑠𝑠𝑠𝑠
𝑤𝑤𝜇𝜇𝑠𝑠𝜇𝜇𝑡𝑡𝑠𝑠

× 𝐵𝐵𝐵𝐵𝐵𝐵𝑠𝑠𝑠𝑠𝑥𝑥𝑠𝑠𝑠𝑠 × 2𝑁𝑁 

 
It is important to note that the product 𝐵𝐵𝐵𝐵𝐵𝐵𝑠𝑠𝑠𝑠𝑥𝑥𝑠𝑠𝑠𝑠 × 2𝑁𝑁 is equal to the sum of BVF from 

all the sub-voxels in the voxel. 
If the BVF in the voxel is particularly high, a sub-voxel may be assigned an unrealistic 

BVF > 1 because the sub-voxels are smaller than the original voxel. In that case, the sub-
voxel is assigned a BVF of 1 and the residual bone is partitioned among the other sub-
voxels according to the remaining weights. 
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Zero filled interpolation 
The ZFI or Sinc Interpolation (extensively reported in previous publications 

(Yaroslavsky 2002; Sato et al. 2000; Khaire and Shelkikar 2013)) is a function that up 
samples a given input y[n,m] by an integer factor using the Fourier Domain. The principle 
is that the up-sampling is carried out by zero-padding in the input domain between the 
samples, then at the Fourier domain, the single spectrum (out of the repetition of 
spectrums) is taken while zeroing the rest of the spectrum, i.e. by doing a low pass 
filtering with  

 
𝐵𝐵𝑐𝑐𝑠𝑠𝜇𝜇𝑠𝑠𝑐𝑐𝑐𝑐 = 𝑃𝑃𝐼𝐼

𝑢𝑢𝑝𝑝𝑢𝑢𝐶𝐶𝑚𝑚𝑝𝑝𝑙𝑙𝑒𝑒_𝑓𝑓𝐶𝐶𝑓𝑓𝑡𝑡𝑓𝑓𝐸𝐸�  

 
and finally performing the inverse fast Fourier transform (IFFT) to the distribution. 

Since it has been computed a zero-padding operation in time, it is necessary to multiply 
by the Fourier gain. The final workflow is shown in Figure 3.17. 

 
Figure 3. 17: Sinc Interpolation workflow. 

It is important to note that the zero-padding must be such that the D.C. frequency 
remains the D.C. frequency and that the zero-padding is applied to both positive and 
negative frequencies. The zero-padding condenses the frequency therefore yielding to a 
longer series in the image domain, but without any additional information, thus the 
operation must be an interpolation. Finally, since there is an interpolation between the 
samples of a given distribution, the output array will have the size of the input array 
minus one, multiplied by the up-sample factor plus one. 

 
Osteocytes Lacunae Characterization 
Thanks to the extremely high resolution provided by SRµCT images at 0.9 µm3, the 

image field of view was focused on a single trabecula (Fig. 3.18) and the osteocytes 
lacunae (OL) became assessable. To do so, focusing on the solid phase of the volume of 
interest, the threshold that better differentiated the bone from the OL was selected 
manually. The thresholding effect has been evaluated by comparing the retrieved 
morphological characteristics using two other thresholds (respectively +5% and -5% of 
the best individuated threshold). A second volumetric threshold of 100 voxels (73 µm3) 
was selected to identify possible small pores derived from in-homogeneities in the image 
illumination, and these misclassified regions were re-added to the solid phase. Once the 
bone volumes were correctly segmented, the bone porosity was measured from the bone 
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volume and the osteocytes lacunae, vascular and canal network. Second, the osteocytes 
lacunae were individuated as those regions composed by a volume in range 73 to 1000 
µm3 chosen in accordance to the mean and standard deviation of OL previously find in 
the literature (van Oers, Wang, and Bacabac 2015; Dong et al. 2014). This approach 
allowed us to separate the OL from the vascular and the canal network characterized by 
higher volumes (in range of thousands voxels) (Fig. 3.18) (Dong et al. 2014; Carter et al. 
2013). Finally, each OL was characterized individually extrapolating its volume, surface, 
size, shape, sphericity, and fractal anisotropy) and as an interconnected network by 
evaluating their region of action. In particular, in each OL the principal axes (a, b and c) 
of the maximum inscribed ellipsoid have been calculated, and from them it has been 
characterized the OL shape by deriving the aspect ratios ( 𝑡𝑡

𝑠𝑠
, 𝑠𝑠
𝑐𝑐

, 𝑡𝑡
𝑐𝑐
𝐶𝐶𝑎𝑎𝑎𝑎 𝑡𝑡

(𝑠𝑠+𝑐𝑐)
 ). Then the 

surface (S) and the sphericity index (Fsph) (Benouali et al. 2005) have been derived 
respectively by the formula: 

 

𝑢𝑢𝑂𝑂𝑂𝑂 = 4 ∗ 𝜋𝜋 ∗ (𝐶𝐶𝑝𝑝𝑏𝑏𝑝𝑝 + 𝐶𝐶𝑝𝑝𝑓𝑓𝑝𝑝 + 𝑏𝑏𝑝𝑝𝑓𝑓𝑝𝑝)1 𝑝𝑝�     ,𝑤𝑤𝑤𝑤𝑡𝑡ℎ 𝑝𝑝 = 𝑙𝑙𝑎𝑎(3)/𝑙𝑙𝑎𝑎(2)  

𝐵𝐵𝑠𝑠𝑝𝑝ℎ = 6 ∗ 𝐵𝐵𝑂𝑂𝑂𝑂 ∗ �𝜋𝜋 𝑢𝑢𝑂𝑂𝑂𝑂3� �
0.5

 

 
Where 𝐵𝐵𝑂𝑂𝑂𝑂 and 𝑢𝑢𝑂𝑂𝑂𝑂 are respectively the volume and the outer surface of the OL. 

Moreover, the fractal anisotropy (Özarslan, Vemuri, and Mareci 2005) which reflects the 
axonal diameter and is an extension of the concept of eccentricity of conic sections in 3 
dimensions, normalized to the unit range, has been calculated using the formula: 

 

 �3
2
∗ �(𝑡𝑡−𝜆𝜆)2+(𝑠𝑠−𝜆𝜆)2+(𝑐𝑐−𝜆𝜆)2

√𝑡𝑡2+𝑠𝑠2+𝑐𝑐2
    ,𝑤𝑤ℎ𝑒𝑒𝐸𝐸𝑒𝑒 𝜆𝜆 =  (𝐶𝐶 + 𝑏𝑏 + 𝑓𝑓)

3�  

 
Finally, the region of action could be considered as a 3D bone neighboring around the 

OL in which the osteocytes sense and transmit information. It is derived by applying the 
Voronoi map which calculates the minimum path between the closest OL and differs 
from the OL density because it is calculated for each OL singularly. 

 
 
 
 
 

SRµCT at 0.9 µm3 Osteocytes Lacunae 
Distribution 

Osteocytes Lacunae 
Network 
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Figure 3. 18: Synchrotron radiation X-ray micro computed tomography at 0.9 µm3. (first 

column) Bone solid phase in the field of view, (second column) osteocytes lacunae distribution 
embedded in the bone solid phase and (third column) osteocytes lacunae network, where the red 
dots are the barycenter of the ellipsoid inscribed in the osteocytes lacunae and the white lines 
shows their connectivity (Delaunay graph that is the Voronoi graph dual) between osteocytes 
lacunae. 
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Conclusion of the Chapter 

In the present chapter have been reported all the collected samples, experimental 
techniques used for their investigations, and the preparation protocols specific for each 
technique. The reported experimental techniques have been divided into three main 
groups, i.e. macroscale, microscale and nano/molecular scale, depending on the 
investigative interest. In the macroscale have been proposed two different imaging 
techniques (magnetic resonance imaging and computed tomography) and one 
biomechanical tests for the whole proximal femur which simulates the sideways fall on 
the greater trochanter. The proximal femur microscale investigation has been performed 
on multiple sub-samples extracted from three different regions of the proximal femur 
(great trochanter, femoral neck and femoral head) based on synchrotron radiation micro 
computed tomography and microindentation tests on trabeculae. The SRµCT is able to 
reduce the image pixel size in order to completely resolve the bone microarchitecture and 
characterize the bone osteocytes lacunae while microindentation is able to characterize 
the material properties of trabeculae. The nano and molecular scale has been investigated 
based on two spectroscopic techniques which were also applied to small specimens of the 
three different proximal femur regions previously described. The X-ray absorption 
spectroscopy has been performed to investigate changes in the Calcium neighbors of the 
bone hydroxyapatite crystal due to osteoporosis while the infrared Fourier transform 
aimed to assess differences in the bone mineral properties usually reported as mineral to 
matrix ratio, the mineral maturity/crystallinity, and the collagen maturity. Finally, the 
last paragraph reported the image analysis performed to characterize the bone 
microarchitecture from MR and µCT images, and the osteocytes lacunae assessed using 
SRµCT. In particular it has been reported the registration process to individuate the same 
MR and µCT image so that the microarchitecture analysis were performed in the same 
proximal femur regions. Moreover, it has been reported the microarchitectural 
parameters usually retrieved in the literature, which were here derived using an 
optimized approach using the iMorph aperture map which provide sub-voxel precision 
and the proposed new parameter trabecular interconnectivity able to provide 
information about the bone adaptability to stresses coming from different directions. 
Finally, it has been presented two techniques reported in the literature able to reduce the 
image resolution in the post-processing by dividing each original pixel in four new 
subpixels while strictly enforcing bone mass conservation. 

In Figure 3.1 it has been presented an overview of this PhD thesis study, showing how 
the collected samples have been repartitioned between the different studies and 
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examinations to optimized the results assembled during this research project. In the next 
chapter, it is presented a study on the optimized preparation protocol for the MRI 
acquisition of large cadaveric samples and in particular proximal femurs. Moreover, it is 
evaluated the effect that image resolution has on the assessment of the microarchitectural 
parameters. The research study presented in Chapter 4 aimed to validate the sample 
preparation protocol developed for large cadaveric bone samples, and to individuate the 
image resolution limit necessary to characterize the bone inner microarchitecture. 
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Abstract 
MRI could be the tool of choice for bone microarchitecture assessment, but the 

technique is still suffering from a low resolution as compared to the trabecular dimension. 
A clear comparative analysis between MRI and high-resolution X-Ray micro-tomography 
(μCT) regarding the microarchitecture metrics is still lacking. 

In the present study, we performed a comparative analysis between μCT and 7T MRI 
with the aim of assessing the effects of image resolution on the microarchitecture metrics 
accuracy. We also addressed the issue of air bubbles artefacts in cadaveric bones. 

Three fresh cadaveric femur heads have been scanned using turbo spin echo sequence 
at 7T MRI and µCT at high resolution (0.051 mm). The samples were submitted to a 
vacuum procedure combined with vibration to reduce the air bubbles volume.  
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Trabecular interconnectivity, a new metric, and conventional histomorphometric 
parameters, were quantified using MR images and compared to those derived from µCT 
at full resolution and at downsized resolutions (0.102 and 0.153 mm). One-way ANOVA, 
linear regression, Bland-Altman analysis and interclass correlation coefficients were 
performed for comparative analysis purposes. The correlations between these 
morphological parameters and bone mineral density (BMD) has been evaluated. 

The amount of air bubbles was reduced by 99.8% in less than 30 minutes leaving partial 
volume effects as the only source of bias. The morphological parameters quantified with 
7T MRI were similar and not statistically different (p>0.01) to those computed from μCT 
images with error up to 8% for both bone volume fraction and trabecular spacing. No 
linear correlation was found between BMD and all morphological parameters, but 
trabecular interconnectivity (R2 = 0.69 for 7T MRI-BMD). 

These results strongly suggest that 7T MRI could be of interest for the in-vivo 
assessment of bone microarchitecture providing additional information about bone 
health status and quality. 

 
Keywords: Osteoporosis, MRI, Cadaveric Human Femur, Bone Morphology, 

Resolution Effect, Air Bubbles Artefacts. 
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1.  Introduction 

In the context of osteoporosis, bone fragility is commonly assessed using dual energy 
X-ray absorptiometry (DXA), which can measure the areal (two-dimensional) apparent 
bone mineral density (BMD in g/𝑓𝑓𝑚𝑚2). The term ’apparent’ refers to the fact that this 
density represents the mineral mass within the bone volume illuminated by the X-ray 
beam, including the bone matrix and the pore spaces. Quantitative computed 
tomography (qCT) and magnetic resonance imaging (MRI) could add a third dimension, 
yielding volumetric apparent BMD (in g/𝑓𝑓𝑚𝑚3) (Seifert et al. 2014b).  

On the contrary to qCT, MRI is a non-radiative technique, but the image resolution 
obtained with conventional clinical MRI is not sufficient to depict the trabecular 
dimension, i.e. 100 μm. On that basis, partial volume effects can occur and are expected 
to bias the quantification. So far, micro-architecture analyses using MRI have mainly been 
conducted in extremities such as wrist (R. Krug et al. 2008a) and knee (proximal tibiae (R. 
Krug et al. 2008a; Roland Krug et al. 2008a; Chamith S. Rajapakse et al. 2018a), distal 
femurs (G. Chang, Honig, et al. 2015a; C. Liu et al. 2018)) but not extensively in the 
proximal femur which is a clinical important fracture site and one of the most invalidating 
(van Oostwaard 2018). Proximal femur has been assessed previously using 1.5T (T.M. 
Link et al. 2003), 3T (G. Chang et al. 2018b) and 7T MRI (D. Guenoun et al. 2020a). 
However, few studies have reported a comparative analysis between ultra-high field 
(UHF) MRI and high resolution X-ray tomography so that the issue of image resolution 
for the assessment of proximal femur trabecular microarchitecture has been scarcely 
addressed. According to femur dimension, conventional micro tomography (μCT) can 
provide image resolution twice the minimum size of trabeculae and is able to distinguish 
bone and bone marrow thanks to their different X-Ray absorption rates. However, µCT 
cannot be used in humans because of the high radiation exposure. On the contrary, MRI 
is commonly used in humans, but the corresponding resolution is not high enough to 
properly investigate bone microarchitecture. More recently, it has been shown that UHF 
MRI can provide image resolution in the order of magnitude of the trabecular dimension, 
suggesting interesting perspectives for the investigation of bone microarchitecture in 
vivo (Karamat, Darvish-Molla, and Santos-Diaz 2016b; Roland Krug et al. 2008a; Soldati, 
Rossi, et al. 2021).  
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Figure 4. 1: Sample one same coronal plane before and after bubble removing. Sample05 (S05) 

same coronal plane for 3T MRI images (0.21x0.21x1.1 mm) before (left) and after (right) the 
application of air bubble reduction protocol. 

The first aim of the present study was to assess proximal femur head morphological 
parameters from ultra-high field  MR images acquired using an in-plane resolution (0.130 
mm) close to trabecular dimension and to compare the results with the metrics quantified 
from full resolution µCT images. As these measurements were planned to be performed 
in cadaveric samples, we expected, as previously reported, the occurrence of image 
artefacts due to the presence of air bubbles (Chamith S. Rajapakse et al. 2018b; X. S. Liu, 
Zhang, et al. 2010). Air that leaks into the marrow space during sample preparation or 
during the decomposition process creates signal voids that could be misclassified as 
“bone” signal. In addition, air inclusions cause magnetic susceptibility artefacts leading 
to artificial broadening of trabecular bone thickness during MRI acquisitions (Fig. 4.1). 
Very few methods have been developed so far to handle this issue. Bone marrow removal 
using a gentle water jet has been reported and combined to centrifugation in order to 
remove the air bubbles trapped in the marrow spaces (Seifert et al. 2014b; X. S. Liu, Zhang, 
et al. 2010; Chamith S. Rajapakse et al. 2009b; 2010b). However, this method is poorly 
suited for whole bones segments and has been usually applied on small trabecular 
samples. Moreover, with this kind of pre-processing mechanical properties of the femur 
structure are modified given that dry and hydrated bones are known to have different 
biomechanical properties (Nyman et al. 2006b; Bembey et al. 2006). In that context, 
biomechanical tests would be biased. Samples freezing may limit tissue decomposition, 
which is a source of air bubbles generation. However, it has been reported that MR 
images of unfrozen samples are characterized by a substantially lower SNR (Chamith S. 
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Rajapakse et al. 2018b) and a poor contrast between bone and background so that image 
segmentation can also be compromised (Chamith S. Rajapakse et al. 2018b).  

The second aim of the study was to develop a new sample preparation protocol 
considering that removing air bubbles is essential to provide meaningful MR images in 
large cadaveric human samples. For obvious ethical reasons, measurements could not be 
performed in a large number of human samples.  

Overall, the present comparative analysis conducted in intact human proximal femurs 
was expected to provide valuable insights for the potential use of Ultra-High Field MRI 
as a non-invasive alternative assessment method of bone microarchitecture. 

 

2.  Sample Preparation 

2.1. Materials and Methods  
All procedures followed were in accordance with the ethical standards of the 

responsible committee on human experimentation of the thanatopraxy laboratory, 
University School of Medicine, Hôpital de la Timone, Marseille, France that provided the 
bodies coming from body donation and with the Helsinki Declaration of 1975, as revised 
in 2000. 

A first femur (Sample05) from a female donor (89 years old) was initially scanned 
using conventional DXA (give BMD = 0.83 g/𝑓𝑓𝑚𝑚2). It was then cut using a bandsaw along 
the axial direction (22 cm section proximal to the femur head) and immobilized into a 
resin support with an inclination of 15 degrees (Fig. 4.2) that corresponds to the in vivo 
maximum stress position of the hip articulation (Koshi, n.d.). The specimen was then 
frozen at – 25°C.  

Before the MRI and μCT acquisitions, the sample was thawed overnight, placed in a 
2500 ml cylindrical plastic jar filled with a 1 mM Gd-DTPA saline solution (Fig. 4.2). The 
MRI and μCT acquisitions were performed sequentially to avoid repetitive 
frozen/unfrozen cycles. To mimic in vivo conditions, the diameter of the container 
reproduced the distance between the femur head and the skin surface (approximately 5 
to 7 cm). The container was then placed on a vibrating surface while successive low-
pressure cycles were applied for 30 minutes using the vacuum pump (Fig. 4.2). Each cycle 
was composed by 5 minutes of active pumping below 50 mbar and 5 minutes of relaxing 
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time at 150 mbar hence avoiding the water saturation pressure. The preparation setup is 
shown in Fig. 4.2. Different vibrating amplitudes (0.1 to 1.5 mm) were used during the 
pumping cycles to generate different mechanical energies adapted to different bubbles 
sizes (from 20 μm to 2.5 mm of diameters (Fig. 4.3) and allowing their displacement inside 
the bone.   

 

 
Figure 4. 2: Sample preparation setup. First Fresh sample (S05) preparation. a.(left) unfrozen 

femur head. b.(middle) cylindric plastic jar filled by 1mM Gd-DTPA saline solution with 3D-
printed tool (bottom left) used for 3D volumes registration. c. (Right) vacuum pump and vibrating 
surfaces. 

To quantify the effect of the successive pumping cycles, a 3D μCT acquisition have 
been performed before and after each cycle reporting the total volume of bubbles still 
present inside the bone microarchitecture. The segmentation of air bubbles was 
straightforward because bone, bone marrow and air have very different X-ray absorption 
values as shown in Fig. 4.2. Air bubbles volume (Ab.V in μm³ and in %) was computed 
within  the complete 3D bone volume.  
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2.2. Results and Discussion 
As illustrated in Fig. 4.3, air bubbles were clearly visible as darker pixels in μCT 

images. The corresponding air volumes present inside S05 was 12.4 cm³ (Table 4.1). 
During the vacuum procedure, the air bubbles movement from the bottom cross section 
was clearly visible. Three vacuum cycles were applied and the total amount of air bubbles 
still present in the bone microstructure was very largely reduced (Ab.V < 0.5%) (Table 
4.1). Moreover, the residual amount of air bubbles after each vacuum cycle has been 
evaluated in the case of S05. The results showed that the first vacuum cycle led to a 
significantly large reduction (98.7%) of the air volume while the remaining air volume 
was completely removed after two additional cycles (Fig. 4.3 and Table 4.1). 

So far, cadaveric bone imaging using 7T MRI has mainly been performed in small 
specimens (<5 cm³) (Seifert et al. 2014b; Chamith S. Rajapakse et al. 2018b) with the 
expected limitations due to a poor representative picture of the entire bone. 
Investigations of large samples would be of interest but are not trivial given that they can 
be biased by the presence of air bubbles. Other kinds of sample preparation aiming at 
eliminating the bubble artefacts have been previously reported (Seifert et al. 2014b; X. S. 
Liu, Zhang, et al. 2010; Chamith S. Rajapakse et al. 2009b). 

 

 
Figure 4. 3: Same coronal µCT plane before and after sample preparation. Same S05 µCT 

coronal plane before (left) and after (right) the application of our sample preparation technique 
and acquired at 0.051 mm isovolumetric resolution. 

Considering that bubbles are trapped in the bone marrow, a gentle water jet has been 
used as a removal process. A 1 mM Gd-DTPA saline solution was then added to mimic 
the bone marrow magnetic response while the additional air bubbles trapped in the 
trabecular network were removed using centrifugation (1500 to 2000 rpm, approximately 
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6× g, for 5 minutes) (Seifert et al. 2014b; Chamith S. Rajapakse et al. 2009b; Majumdar et 
al. 1996a). Magnetic susceptibility artefacts were successfully removed using this process 
(Chamith S. Rajapakse et al. 2009b; Majumdar et al. 1996a). However, such a 
centrifugation process is not feasible for entire bone segments given the sample 
dimensions. In addition, one has to keep in mind that bone marrow removal would lead 
to changes in bone biomechanical properties given that dry and hydrated bone behave 
differently. 

 
Table 4. 1: Air bubbles reduction. 

 Ab.V (mm3) 
Ab.V (%) 

No Vacuum Cycle 1 Cycle 2 Cycle 3 
Sample05 12427 154 103 27 0.22 

Absolute and relative air bubble volumes for the first sample (S05) and pumping cycles.  
 
In a work conducted on mid-diaphysis of human cadaveric bones dried at different 

temperatures, Neyman et al., showed that stiffness linearly increased with an increased 
water loss. In addition, they showed that this water loss was associated with a decrease 
of both bone strength and toughness (Nyman et al. 2006b). Moreover, Bembey et al. 
showed that an increased hydration was associated with a 43% decrease in stiffness while 
a decrease resulted in a 20% increase in bone stiffness (Bembey et al. 2006). In our study, 
the vacuum procedure, combined with vibrational shear, uniformly pushed the 
physiological solution inside the bone without modifying the inner microarchitecture 
while replacing the air bubbles and keeping the bone marrow. The bone marrow 
viscoelastic biomechanical response was thus preserved so that potential biomechanical 
tests could provide representative results.  

 

  



Chapter 4 

 

129 
 

3.  MRI Microstructure Quantification  

3.1. Materials and Methods 
 
MRI Imaging  
The specimen was scanned at 7T (MAGNETOM, Siemens Healthineers, Germany) 

using a turbo spin echo (TSE) sequence and a 28Ch Knee coil (TR/TE = 1040ms/14ms, 
bandwidth = 244 Hz/Px, FOV = 130°, resolution = 0.130x0.130x1.5 mm, space between 
slices = 1.95 mm, NeX = 2, number of images = 10, scan time = 17:45 min). The sequence 
parameters were similar to those reported in the literature (G. Chang, Honig, et al. 2014b; 
Techawiboonwong et al. 2005b; Roland Krug et al. 2008a) and adapted to our samples 
size. In the present study, we used a turbo spin echo sequence which is designed as pairs 
of radio frequency pulses, one excitation pulse and a 180° refocusing pulse. This sequence 
is considered as less sensitive to susceptibility arfefacts (Chamith S. Rajapakse et al. 
2009b; Roland Krug et al. 2008a; Thomas M. Link et al. 2003b; R. Krug et al. 2008a). 
Coronal slices were acquired to cover the entire femoral head with the highest resolution.  

 
μCT Imaging  
μCT images were acquired using Rx-Solution EasyTom XL ULTRA microtomograph 

(‘RX Solutions SAS, 3D X-Ray Tomography Systems.’, n.d.), with a 150 kV X-Ray 
Hamamatsu Tube allowing a focus spot size of 5 μm. To cover the whole femoral head, 
an isovolumetric voxel size of 0.051 mm has been chosen. The other parameters were, 343 
mA current, 150 V voltage, 8 images/s and 1440 projections over 360 degrees of rotation. 
Each projection was obtained from the average of 10 images to increase the signal to noise 
ratio. The acquisition lasted approximatively 40 minutes.  

 
Image Registration 
MRI and μCT images were co-registered in the coronal plane using a 3D registration 

tool (Fig. 4.2). For the μCT acquisition, the alignment along the coronal plane was made 
during the post processing volume reconstruction step. For the MRI acquisition, the 
alignment was performed before the acquisition.  

After a 3D alignment of all the different stacks of images along the same coronal plane, 
an automatic 2D registration between each 7T MR slice with an appropriate stack of 60 
consecutives μCT slices covering two times the 7T MR slice volume was performed (Fig. 
4.4). The efficiency of the registration process was quantified using a correlation score 
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(Fig. 4.4). Both the 2D registration process and the correlation score were performed using 
an in-house build code based on MATLAB build-in functions: imregister with a 
multimodal approach and a geometric affine transformation, and corr2, returning the 2D 
correlation coefficient between pictures with similar sizes. Before registration, the image 
with the lowest resolution was upscaled and resized. Moreover, to maximize the region 
of interest (ROI), the registration process has been performed on the 3 central MRI slices 
which were characterized by the higher femur head surface. The morphological 
parameter analysis was then performed on these 2D MRI slices and their respective 
registered µCT slices. 

 
Figure 4. 4: 7TMRI - µCT image registration. (left) 7T MR image, (center) μCT - 7T MRI best 

registration with highlighted ROI, (right) correlation score of one 7T MR image with a stack of 60 
consecutive μCT images of the first analyzed sample (S05). 

Microstructure Quantification 
Conventional histomorphometric parameters were quantified and compared between 

3 registered MR/μCT images using their original resolutions. As the binarization of the 
solid part was not trivial in MR images, an automatic local threshold has been applied as 
previously described (Dougherty and Kunzelmann 2007a) to eliminate possible biases 
due to manual thresholding and to take into account important contrast variations 
observed in images. The μCT binarization was straightforward as the contrast was high 
and the voxel size was smaller than the trabecular thickness.  

Based on the binarized ROIs, three independent parameters have been calculated. 
Bone volume fraction (BVF) refers to the ratio between the bone volume and the total 
volume. Trabecular thickness (Tb.Th) and spacing (Tb.Sp) were extrapolated using the 
distance transformation map from which it has been derived the aperture map (AM) 
using the software iMorph (E. Brun, Ferrero, and Vicente 2017a). The AM gives for every 
pixel of the bone the diameter of the maximal disk totally enclosed in the bone and 
containing this voxel. Tb.Th was then deduced from the mean value of the AM 
distribution. Tb.Sp was quantified from similar computations in the marrow phase. The 
trabecular number (Tb.N) was then  calculated as the ratio between BVF and Tb.Th. The 
aperture map has been previously used for the 3D morphological evaluation of porous 
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materials in different fields (E. Brun, Ferrero, and Vicente 2017a; Burghardt, Link, and 
Majumdar 2011b; Soldati, Escoffier, et al. 2020) and has been applied here for 2D images. 
The AM approach, compared to the commonly used mean intercept length (MIL) 
technique, provides local information with a sub-voxel precision (E. Brun, Ferrero, and 
Vicente 2017a; Johansson et al. 2019). 

 
Trabeculae Orientation Quantification 
The principal and secondary trabecular orientation (Tb.OrP and Tb.OrS) have been 

deduced from the computation of the local orientation distribution of bone pixels. Based 
on the local orientation distribution, an original morphological parameter related to the 
trabecular interconnectivity (Tb.Int) has been computed. It actually represents the 
trabeculae orientation variability around the deduced principal trabecular orientation 
(Fig. 4.5).  

 
Figure 4. 5: Trabecular orientation quantification. (left) S05 µCT orientation map of the 

segmented bone phase. (center) µCT local orientation at pixel level. (right) Trabeculae orientation 
distribution expressed between 0 and 180 degrees obtained from all bone pixels - purple (µCT ) - 
light blue (7T MRI), and gaussian curve fitting - black (µCT ) - blue line (7T MRI). 

Local orientation of each pixel has been computed using 2D local Hessian matrix 
obtained directly from grey levels. For every pixel, 5 different 2D Hessian matrixes have 
been generated, each one resulting from the second order derivatives of the gray level 
image convolved with a gaussian matrix of fixed standard deviations (σ from 1 to 5). The 
eigenvalues and eigenvectors of the five 2D Hessian matrices have been calculated and 
the eigenvectors corresponding to the largest eigenvalues have been kept. The orientation 
has then been calculated from the four-quadrant inverse tangent (tan-1) from the 
eigenvectors translating the main orientation (Ian Goodfellow, Yoshua Bengio, and 
Aaron Courville 2016). In order to keep the only direction of the solid bone phase, the 
orientation distribution was computed considering the local orientation of binarized solid 
voxels only. Moreover, in order to identify the first and second main directions of the 
trabeculae, a 2 gaussian curves fitting has been applied using an in-house MATLAB code 
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based on build-in functions fitnlm. Tb.OrP was expressed as the mean ± SD of the 
principal fitted gaussian curve. As the secondary orientation was supposed to be 
perpendicular to the main trabeculae orientation, Tb.OrS has been presented as the 
difference between absolute mean secondary orientation and the main principal 
orientation. In order to assess the angular variability around the principal direction 
Tb.OrP, Tb.Int has been computed as the standard deviation of the whole trabecular 
orientation distribution from the main principal trabecular orientation. 

One could hypothesize that for high trabecular interconnectivity values, trabecular 
bone would display a wide range of multiple directions which could illustrate an 
important bone adaptability to stresses coming from different directions. 

 
Effect of Image Resolution on the Morphological Quantification 
To quantify the effect of the resolution on morphological parameters, the original high 

resolution μCT images were downsized by a factor 2 (degμCT2) and 3 (degμCT3). Pixels 
were merged by blocks of 8 and 27 leading to a voxel size of 0.102 mm and 0.153 mm 
respectively. The degraded μCT images together with full scale μCT and 7T MRI 
provided the appropriate datasets for a multimodal and complete multiscale comparative 
analysis. 

 

3.2. Results and Discussion 
 
Bone Morphology Quantification  
As illustrated in Table 4.2 the microarchitecture parameters computed from the 7T MR 

images were comparable to those derived from µCT images. The S05 corresponding 
errors calculated for each images were higher for Tb.Th (10% and 11% for the first and 
third analyzed images respectively) while no difference was identified for the principal 
trabecular orientation (absolute error lower than 5% in all cases). Overall, the 
morphological parameters showed mean errors always lower than 9% with absolute 
errors ranging from 0 to 8% for BVF, 3 to 11% for Tb.Th, 1 to 8% for Tb.Sp, 0 to 8% for 
Tb.N,  1 to 3% for Tb.OrP, 4 to 5% for Tb.OrS and 0 to 9% for Tb.Int.  

The computed μCT and MRI parameters reported in the present study are similar to 
those previously reported in femurs and radius (Majumdar et al. 1996a; Burghardt, Link, 
and Majumdar 2011b; Soldati, Escoffier, et al. 2020; Tjong et al. 2012a; Roland Krug et al. 
2005b; Majumdar et al. 1999b), and extend previous results by adding new parameters 
(Tb.OrP, Tb.OrS and Tb.Int) for the quantification of trabecular health quality. Using μCT 
imaging of radii recorded with a 0.041 mm isovolumetric resolution, Tjong et al. (Tjong 



Chapter 4 

 

133 
 

et al. 2012a) reported BVF, Tb.Th and Tb.Sp values of 0.21, 0.21 and 0.72. The BVF (0.28) 
and Tb.Sp (0.87) values reported by Majumdar et al. using 1.5T MRI (0.156x0.156 in plane 
resolution) were similar (Majumdar et al. 1996a; 1999b). On the contrary, the Tb.Th (0.53) 
values they reported were larger (Majumdar et al. 1996a; 1999b) compared to our study, 
and the discrepancies could result from partial volume effects. The histomorphometric 
values reported by Krug et al. (Roland Krug et al. 2005b) from 3T MR images with a 
0.23*0.23 mm in plane resolution were similar i.e. 0.32 (BVF), 0.27 (Tb.Th) and 0.56 
(Tb.Sp).   
 

Table 4. 2: Morphological characteristics between registered µCT – 7T MR images. 

 BVF Tb.Th Tb.Sp Tb.N Tb.OrP Tb.OrS Tb.Int 

S0
5 

(D
XA

-B
M

D
 =

 
0.

83
 g

/c
m

2 ) 

im1 
µCT 0.25±0.01 0.26±0.01 0.86±0.04 0.96±0.02 67±12 95±6 23.22 

7T MRI 0.25±0.01 0.28±0.01 0.92±0.08 0.89±0.04 65±14 90±6 21.96 

im2 
µCT 0.26±0.02 0.26±0.01 0.82±0.05 0.99±0.03 68±12 ND 22.34 

7T MRI 0.24±0.01 0.27±0.02 0.82±0.08 0.93±0.04 69±14 ND 20.29 

im3 
µCT 0.23±0.01 0.24±0.01 0.90±0.05 0.96±0.03 68±12 87±7 24.03 

7T MRI 0.25±0.01 0.26±0.02 0.97±0.06 0.95±0.03 70±13 77±14 23.96 

S0
6 

(D
XA

-B
M

D
 =

 
1.

31
 g

/c
m

2 ) 

im1 
µCT 0.24±0.01 0.26±0.01 0.92±0.03 0.93±0.04 67±13 ND 24.66 

7T MRI 0.26±0.02 0.26±0.01 0.98±0.05 0.90±0.04 68±13 83±4 25.06 

im2 
µCT 0.23±0.01 0.26±0.01 0.96±0.04 0.87±0.05 65±12 2±7 26.03 

7T MRI 0.24±0.03 0.27±0.01 0.99±0.06 0.91±0.04 64±15 ND 23.96 

im3 
µCT 0.21±0.02 0.24±0.01 0.98±0.05 0.88±0.03 70±12 ND 25.3 

7T MRI 0.22±0.02 0.26±0.01 1.02±0.06 0.83±0.05 69±13 ND 28.04 

S0
7 

(D
XA

-B
M

D
 =

 
0.

50
 g

/c
m

2 ) 

im1 
µCT 0.21±0.01 0.24±0.02 0.88±0.02 0.84±0.03 66±10 97±5 20.61 

7T MRI 0.22±0.01 0.24±0.02 0.92±0.03 0.83±0.02 65±13 100±4 18.87 

im2 
µCT 0.20±0.01 0.23±0.01 0.87±0.04 0.88±0.03 68±10 93±8 21.98 

7T MRI 0.22±0.01 0.22±0.02 0.90±0.05 0.83±0.02 66±10 97±8 20.29 

im3 
µCT 0.22±0.01 0.25±0.01 0.90±0.03 0.89±0.04 69±11 95±8 21.68 

7T MRI 0.24±0.01 0.26±0.02 0.96±0.04 0.85±0.03 68±12 112±15 21.46 
S05 max diff % 8% 11% 8% 8% 3% 5% 9% 
S06 max diff % 8% 8% 7% 5% 2% ND 8% 
S07 max diff % 6% 5% 6% 6% 3% 4% 8% 

Morphological characteristics expressed as mean±SD for the three registered µCT-7T MRI 
images (im) for all the three different samples (S) with the corresponding maximum percentage 
difference (max diff%). BVF: Bone volume fraction, Tb.Th: Trabecular Thickness,  Tb.Sp: 
Trabecular Space, Tb.N: Trabecular number, Tb.OrP: Principal trabecular orientation, Tb.OrS: 
Secondary trabecular orientation, Tb.Int: Trabecular Interconnectivity. ND indicates not detected 
data. 
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In agreement with the present results, literature results supported that, considering 
μCT measurements as the ground-truth, MRI measurements may under or overestimate 
bone morphological parameters given the partial volume effects (Majumdar et al. 1996a; 
Gonzalezballester 2002). Accordingly, MR image resolution would be the main limitation 
for the assessment of the inner trabeculae network which was found to be in the range of 
0.100 to 0.150 mm in-plane regardless the pixel thickness. On that basis, more accurate 
results might be obtained for a higher MRI in-plane resolution.  

 
Resolution Effect  
As shown in Fig. 4.6, the progressive degradation of the image resolution was tightly 

linked to a bias regarding the whole set of microarchitecture metrics with Tb.Th being 
the most sensitive parameter and BVF the less. More specifically, BVF did not change 
significantly when the image resolution was downsized by a factor of 2 and 3. The 
corresponding errors were 4% and 1% respectively. On the contrary, the trabecular 
characteristics i.e., thickness, space, and number were more sensitive to the image 
resolution. The error regarding the trabecular thickness progressively increased from a 
mean error of 6±3% for degμCT2 to 44% for degμCT3 (for the second analyzed image of 
S05). Similar results were obtained for Tb.Sp and Tb.N with errors progressively 
increasing from ≤10% (degμCT2) to >15% (degμCT3). Trabecular interconnectivity 
showed similar results with absolute errors up to 8% for images degraded by a factor of 
2 and up to 14% for images degraded by a factor of 3. The principal and secondary 
trabecular orientations showed comparable results with absolute errors always lower 
than 10% through the different degradations. 

Our comparative analysis between μCT images obtained at different resolutions 
clearly supports the hypothesis that more accurate results might be obtained for a higher 
MRI in-plane resolution since it illustrated a progressive bias for the whole set of 
histomorphometric variables but BVF, Tb.OrP and Tb.OrS which remained in the same 
range through the different degradations. The progressive resolution degradation led to 
the almost complete replacement of the thinnest trabeculae by the bone-marrow signal. 
On that basis both the Tb.Th and Tb.Sp values were increased. These results suggest that 
the resolution threshold providing a proper basis for the assessment of bone trabecular 
structure should be between 0.100 and 0.150 mm thereby confirming and extending 
previous comparative analyses between industrial μCT and high-resolution quantitative 
CT (HR-pQCT) conducted in human vertebra (Roland Krug et al. 2005b), wrist (Tjong et 
al. 2012a), and tibia (Boutroy et al. 2005b; Tjong et al. 2012a; Burghardt, Link, and 
Majumdar 2011b; Ian Goodfellow, Yoshua Bengio, and Aaron Courville 2016).  Tjong et 
al. (Tjong et al. 2012a) compared μCT (voxel size=0.018 mm3) of cadaveric radii with HR-
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pQCT images (0.041 mm3, 0.082 mm3 and 0.123 mm3 voxel sizes) and reported that the 
strongest correlations and the smallest errors were obtained for HR-pQCT at 0.041 mm. 

 
Figure 4. 6: Resolution effect on the Sample05 morphology quantification. Box plot for S05 

bone volume fraction, trabecular thickness, spacing, number, principal and secondary 
orientation, and trabecular interconnectivity for the reference value of the μCT, the degraded μCT 
at 2 (degμCT2) and 3 (degμCT3) times the original μCT spatial resolution, and the 7T turbo spin 
echo (TSE) MRI. 

On the contrary, the microstructural measurements computed from the HR-pQCT 
acquisition at 0.123 mm did show moderate or non-significant correlations with μCT data 
acquired at 0.018 mm (Tjong et al. 2012a). The comparative analysis previously 
performed between 3T and 7T MRI comes as an additional support (Roland Krug et al. 
2008a). The MRI in plane voxel sizes reported in previous studies (0.156x0.156x0.3 mm 
(Majumdar et al. 1996a), 0.156x0.156x0.5 mm (Majumdar et al. 1999b), 0.156x0.156x0.7 
mm (Majumdar et al. 1997b) and 0.153x0.153x0.9 mm (Thomas M. Link et al. 2003b)) for 
radius images were close to our in-plane voxel size at 7T (0.130 mm). Although, the slice 
thickness (1.5mm) used in the present study was larger than those previously reported, 
we obtained comparable morphological results. Using MR images with a non-
isovolumetric voxel size, one can expect the mixing of bone-marrow and bone structures. 
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However, the parallel trabecular plates structures separated by bone marrow appeared 
to be orthogonal to central coronal planes (Koshi, n.d.). On that basis, increasing the in-
plane resolution should enhance the signal to noise ratio. As reported by Mulder et al., 
the calculated volume of an ellipsoid object with the main axis oriented orthogonally to 
the slice thickness at high resolution (0.1x0.1 mm) was independent from the anisotropy 
factor (Mulder et al. 2019b). In the present study, the quantification of the trabecular 
orientation has shown to be independent from resolution and acquisition modality.  

4.  Reproducibility Analysis 

4.1. Materials and Methods 
Two additional complete fresh femur heads (an amount which was limited for obvious 

ethical reasons) from female donor with conventional DXA BMD of 1.31 and 0.50 g/cm2 
respectively for Sample06 (93 years old) and Sample07 (96 years old) has been acquired 
using both µCT and 7T MRI to demonstrate the reproducibility of the analysis and the 
robustness of the study design. 

 

4.2.  Results and Discussion 
4.2.1. Sample preparation 

Our in-house sample preparation protocol has been tested on the two additional 
cadaveric femurs. The results were comparable to those obtained for S05. The total air 
bubbles amount was reduced by more than 99.5% after the third vacuum pumping cycle 
(from 9438 mm3 to 38 mm3 and from 10335 mm3 to 12 mm3 for Sample06 and Sample07 
respectively) so that the only expected bias on the morphological analysis may be related 
to partial volume effect due to the reduced image resolution. 

 

4.2.2. Bone Morphology Quantification 
The classical histomorphometric parameters computed from the 7T MR images were 

comparable to those derived from µCT images. The overall corresponding absolute errors 
were 8% for BVF, Tb.Th and Tb.N and 7% for Tb.Sp (see Table 4.2). The new evaluated 
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parameters showed similar results, the principal and secondary trabecular orientations 
appeared to be consistent for all the samples and they showed an absolute error lower 
than 5% in all cases. The trabecular interconnectivity maximum error were never 
exceeding 9%.  

 
Figure 4. 7: Reproducibility analysis: µCT – 7T MRI linear regression. Linear regression 

between 7T MRI and reference μCT for bone volume fraction, trabecular thickness, spacing, 
number principal and secondary orientation, and trabecular interconnectivity for each of the 3 
images of S05  ‘●’, S06 ‘▲’ and S07 ‘■’. – Each graph shows the slope, the coefficient of 
determination (R²), the p-values (p-value<0.01 stands for representative feature and the degree 
of confidence (±2SD). 

A one-way analysis of variance (one-way ANOVA) was performed to assess the 
difference between morphological parameters computed in 7T MR and μCT images using 
all the 9 µCT-7T MRI available images (3 registered images for each of the 3 analyzed 
samples). A p-value lower than 0.01 was considered as significant. The linear regression 
between given morphological parameters computed from different images was 
calculated to address their functional relationship. The results showed no significant 
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statistical difference between 7T MRI and full resolution μCT for the whole set of 
morphological features. 

The Bland-Altman (BA) analysis was conducted to assess the agreement between the 
imaging techniques. The intraclass correlation coefficients (ICC) were also calculated as 
previously described (Koo and Li 2016b) and the agreement was considered as low 
(ICC<0.5), good (0.5<ICC<0.75) or excellent (ICC>0.75). The coefficients of determination 
(R²), which are reported in Fig. 4.7, were computed when considering the reference μCT 
ranged between 0.50 and 0.87 for the whole set of evaluated parameters. The 
corresponding bias were calculated thanks to the Bland-Altman analysis. A mean bias of 
5.3% was quantified between 7T MRI and the reference μCT for the four classical 
morphological parameters. The corresponding bias for Tb.OrP, Tb.OrS and Tb.Int were 
2.3%, 4.7% and 5.4% respectively. ICC values came as an additional support and all 
parameters were classified as good, BVF (0.72), Tb.Th (0.61), Tb.Sp (0.65), Tb.N (0.62) and 
Tb.OrS (0.53) or excellent, Tb.OrP (0.81) and Tb.Int (0.84). 

 

4.2.3. Resolution Effect  
The morphological analyses performed on S06 and S07 showed effects similar to those 

initially observed for S05 due to image degradation. More specifically, BVF did not 
change significantly when the image resolution was downsized by a factor of 2 and 3. 
The corresponding errors were 4% and 10% respectively. On the contrary, the trabecular 
characteristics i.e. thickness, space, and number were more sensitive. The error regarding 
the trabecular thickness progressively increased from 4% for degμCT2 to 44% for 
degμCT3. Similar results were obtained for Tb.Sp, and Tb.N with errors always lower 
than 9% for degμCT2 but always greater than 15% for degμCT3. Principal and secondary 
trabecular orientations showed similar results with absolute errors always lower than 5% 
and so regardless of the image resolution. Errors related to trabecular interconnectivity 
ranged from 6% for degCT2 to 12% and 14% for degCT3 respectively. 

These results were further confirmed by the ICC values which ranged between 0.62 
(good) and 0.98 (excellent) for degμCT2. For degμCT3, ICC values were excellent for BVF 
(0.94), Tb.OrP (0.90), good for Tb.Int (0.62) and low for the other parameters (between 
0.27 to 0.42). Coefficient of determinations (R2) were computed for both µCT degraded 
by a factor of 2 and 3 with respect to full resolution μCT reference. The results showed 
decreased R2 values through degradations with R2 values ranging from 0.52 to 0.76 for 
µCT degraded by a factor of 2 to values ranging from 0.08 to 0.66 for µCT degraded by a 
factor of 3. The corresponding bias were calculated thanks to the Bland-Altman analysis. 
A mean bias of 5.8% for the BVF, Tb.Th, Tb.Sp and Tb.N was found between the full 
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resolution μCT and degraded μCT by a factor of 2 while slightly lower biases were found 
for Tb.OrP (1.8%), Tb.OrS (3%) and Tb.Int (4%). In general, degCT3 showed higher biases 
than degCT2 for all the evaluated parameters with Tb.OrP and Tb.OrS performing the 
best (3% and 4.5% respectively) and Tb.Th (24%) the worst. 

5.  Correlation between DXA-BMD and MRI 
Morphology  

The linear regression between the whole set of derived microarchitectural parameters 
and BMD derived from standard DXA analysis, for the three analyzed samples, have also 
been assessed to determine their correlation. Parameters computed from both µCT and 
7T MR images poorly agreed with DXA-BMD values. Those computed from full 
resolution μCT showed no linear correlation (0.23 for BVF, 0.21 for Tb.Th, 0.26 for Tb.Sp, 
0.49 for Tb.N, 0.02 for Tb.OrP and 0.01 for Tb.OrS) with BMD, while good correlations 
was found for Tb.Int (0.87). Similar results were found between BMD and morphological 
parameters computed from 7T MRI. Poor linear correlations were found for the whole 
set of parameters (0.2 for BVF, 0.22 for Tb.Th, 0.33 for Tb.Sp, 0.29 for Tb.N, 0.11 for Tb.OrP 
and 0.20 for Tb.OrS) but Tb.Int for which a moderate correlation (0.69) was identified 
(Fig. 4.8).  

The correlation between the derived morphological parameters and the clinical 
standard BMD showed a poor agreement for all the morphological parameters 
extrapolated from μCT and 7T MR images and BMD. As expected, higher correlations 
were found for Tb.Sp, Tb.N and Tb.Int since osteoporosis is expected to reduce the 
amount of bone, fragilizing the microarchitecture. No correlation was found for principal 
and secondary trabecular orientation, suggesting that trabeculae are oriented according 
to the main stress direction which does not vary due to osteoporosis. A poor correlation 
was found for Tb.Th which was almost similar in the different samples. Similar results 
were reported by Majumdar et al. (Majumdar et al. 1997b) on in vivo distal radii. 
Moderate correlations between morphological parameters and BMD were observed with 
higher correlations for Tb.N and Tb.Sp (0.51 and 0.41 respectively).  

The progressive increasing of trabecular interconnectivity with higher BMD, may 
suggest that trabeculae oriented along the main stress direction provided a more varied 
orientation profile (wider range of trabeculae oriented surrounding the individuated 
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Tb.OrP). On that basis, one may suggest that femurs with higher trabecular 
interconnectivity are able to promote the dynamics spread of an impulsive action coming 
from a greater range of the usual bone working point. Moreover, in case of osteoporosis 
the first resorbing trabeculae are the less mechanically solicited structures with 
orientations between the main principal and secondary orientations, leading to reduced 
Tb.Int values. The standard deviation depicted by the gaussian curve fitting of the main 
trabecular orientation clearly support this hypothesis showing a reduction of 15% from 
both S05 and S06 to S07 (Table 4.2). Therefore, in case of femurs with lower BMD, Tb.Int 
seemed to suggest an increased bone fragility and a consequent increased risk of fracture.  

 
Figure 4. 8: Linear regression between DXA derived BMD and trabecular interconnectivity. 

Linear regression between DXA derived bone mineral density (BMD) and trabecular 
interconnectivity for µCT (left) and 7T MRI (right). – Each graph shows the slope, the coefficient 
of determination (R²) and the degree of confidence (±2SD). 

The structural organization of bone microarchitecture appeared to be a promising 
parameter for the evaluation of the quality and the dynamics of bone remodeling. 
Although, conventional histomorphometric parameters reflects the local dimensions of 
bone structures, yet they do not appear to be representative of the topological and 
structural characteristics. Due to osteoporosis, despite expected variations in the local 
bone dimensions, an even stronger impact could be expected on the structure’s topology. 
This explains the moderate and poor correlations between the evaluated 
microarchitectural parameters and the BMD and further supports the clinical relevance 
of the microarchitecture analysis. Nevertheless, diagnostic clinical power might be 
improved if the microarchitecture analysis takes also into account the structural 
topological aspects. In fact, previous studies have shown that bone density and structure 
have to be considered as separate characteristics that could be integrated to provide a 
complete overview of the bone quality and health (Majumdar et al. 1997b; G. Chang et al. 
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2018b; D. Guenoun et al. 2020a). In the present study Tb.Int showed to correlate with 
BMD and suggested to be able to discriminate between healthy and pathological bones. 

6.  Conclusion 

The investigation of large cadaveric fresh human bones is of utmost importance if one 
intends to reliably assess bone quality in both healthy and pathological situations. In the 
present study, we intended to address the issue related to air bubbles and image 
resolution for the histomorphometric assessment of bone using MRI. 

The vacuum procedure we designed allowed an efficient removal of artefacts related 
to air bubbles so that the results obtained with ultra-high field MRI were comparable to 
those obtained using μCT and not affected by previously reported air magnetic 
susceptibility effects, therefore leaving partial volume effects as the only source of bias. 

The comparative analysis between 7T MR images and full resolution µCT references 
showed that morphological characteristics computed from the 7T MR images were 
consistent and not statistically different with those obtained using μCT at a comparable 
resolution. The largest correlation was observed between 7T MRI and μCT both at 0.051 
mm and 0.102 mm isovolumetric resolution. Accordingly, MR image resolution would 
be the main limitation for the assessment of the inner trabeculae network which was 
found to be in the range of 0.100 to 0.150 mm in-plane regardless the pixel thickness. 
Ultra-high field MRI offers such a resolution and, on that basis, more accurate results 
might be obtained for a higher MRI in-plane resolution.  

The results related to full resolution, and progressive degraded µCT images, and MRI 
comes to an additional support showing that MRI can be appropriately used for a reliable 
assessment of bone quality as long as the in-plane resolution is in the same range of the 
trabecular thickness dimension (0.100 mm). 

Finally, the results showed that bone microarchitecture analysis could provide 
additional tool for the assessment of bone fragility and fracture risk. Hence, the 
combination of bone structure organization, morphological parameters and BMD could 
provide a more comprehensive view of the bone health status and quality. 
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Conclusion of the Chapter 

In this chapter, we have reported the necessity to perform large cadaveric image 
acquisition to investigate the difficulties and potentialities of applying MR technology on 
in vivo bones. However, acquiring large cadaveric bones present several issues, the most 
important is the decomposition process responsible to generate air bubbles between 
trabeculae. The air bubbles trapped between trabeculae when scanned using MRI creates 
artefacts due to air susceptibility effect, therefore the need to develop a sample 
preparation protocol to reduce artefacts due to air bubbles is of utmost importance. In the 
present chapter it has been presented a possible preparation protocol designed for large 
cadaveric anatomical samples and the protocol has been validated using µCT image 
analysis.  

The second aim of this chapter was to investigate the effect of the resolution in the 
image analysis of trabeculae. To do so, the µCT images have been degraded by two and 
three times and the derived morphological parameters have been compared between 
different resolution images and among techniques (µCT vs. MRI). This investigation had 
a double purpose, the first was to individuate the resolution limit necessary to 
characterize the bone microarchitecture and the second aim was to assess if the µCT and 
MRI were providing the same bone morphological information. The designed approach 
revealed that both MRI and µCT could be used to assess the bone microarchitecture, 
however it is important to designed both the image acquisition techniques to have an in 
plane pixel size between 100 and 150 µm independently from the pixel thickness.  

Finally, this chapter presented a new trabecular parameter, i.e. trabecular 
interconnectivity, which describe the angular variability around the principal trabecular 
direction. The Tb.Int has been shown to moderately correlate with the clinical standard 
DXA derived BMD while all the other investigated morphological parameters showed 
poor correlation. therefore, our hypothesis that bone microarchitecture could provide 
additional information to BMD in the clinical practice has been further supported. 

MRI is a powerful tool for the quantification of tissue morphology non-invasively. 
However, when the voxel size is larger than the analyzed structure partial volume 
blurring occurs complicating the accuracy of the measurements. Acquisitions at higher 
resolution are possible but at the expenses of SNR and thus not presenting a valuable 
alternative. The resolution constraints are still the major obstacle for the development of 
MRI as a tool for quantifying trabecular bone microarchitecture in-vivo, with the final 
purpose of increasing the fracture risk prediction. As trabecular thickness (80 - 150 μm) 
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is typically less than the voxel size achievable in-vivo (around 150 μm), accurate 
structural information are difficult to obtain.  

In the present work, among the image resolution enhancement technique appliable in 
the post-processing present in the literature, we identified and tested the sub-voxel 
processing (SubVoxel) and the zero filled interpolation (ZFI) or Sinc interpolation. The 
two resolution enhancement techniques have been applied on both µCT and MR images 
of three different proximal femurs. The images have been analyzed using iMorph 
retrieving BVF and trabecular thickness and spacing and the characteristics have been 
compared to those derived from the original images of both µCT and MRI.  

The µCT resolution enhanced images showed morphological parameters in the same 
range with those derived using the original. In particular, the committed errors on the 
morphological parameters were always lower than 8%, the images enhanced using Sinc 
interpolation showed reduced BVF and Tb.Th (-4% than the µCT reference) and increased 
Tb.Sp (+7%). The µCT images enhanced using SubVoxel resolution showed increased 
BVF (+2%) and reduced Tb.Th and Tb.Sp (-7% and -6% respectively) when compared to 
the µCT reference. Similar results were assessed comparing the MR images enhanced to 
the MRI reference. The committed errors were always lower than 8%. In particular, the 
MR images enhanced using Sinc interpolation showed reduced BVF (-1%) and Tb.Sp (-
3%) and increased Tb.Th (+5%), while the images enhanced using the SubVoxel technique 
showed increased BVF and Tb.Th (+6% and +4% respectively) and reduced Tb.Sp (-8%). 
The statistical analysis conducted using the Student T-test showed no significant 
difference between original and enhanced images using both Sinc interpolation and 
SubVoxel techniques for all the morphological characteristics analysed.  

The image analysis showed that both Sinc interpolation and SubVoxel resolution 
provided images twice the dimension of the original, therefore providing images with 
half pixel dimension. Moreover, the results showed errors on the BVF lower than 4% and 
never statistically different from the original images meaning that the bone mass was 
conserved using both resolution enhanced techniques. Slightly higher differences were 
reported for the morphological characteristics as Tb.Th and Tb.Sp. In particular, the 
absolute committed errors using µCT images were up to 7% for the Tb.Sp retrieved using 
Sinc interpolated µCT images, while using MR images the absolute committed errors 
were up to 8% for the Tb.Sp retrieved using SubVoxel enhanced MR images. Both the 
techniques resulted suitable for reducing the pixel dimension while keeping the bone 
mass, however enhanced images did not provide additional information nor more 
trustful information of the bone morphology while the time needed to obtain the 
morphological outputs were quadrupled. Previous articles have shown the possibility to 
enhance the image resolution using both the Sinc interpolation (Yaroslavsky 2002; Khaire 
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and Shelkikar 2013) and the SubVoxel resolution (Hwang and Wehrli 2002) techniques 
reporting better defined contours. Hwang et al. on a study conducted using MR images 
(137x137x350 µm) of two radii reported that the application of SubVoxel resolution 
successfully alleviate partial volume blurring in tomographic images of binary systems 
(Hwang and Wehrli 2002), however the morphological parameters were obtained using 
images that have been binarized using a manually selected threshold while in our case 
an adapted local threshold have been used for the binarization of MR images. Moreover, 
the application of the aperture map using iMorph is able to provide a morphological 
analysis using a subvoxel precision that could also explain why in our case the 
morphological parameters assessed using both µCT and MRI did not change after the 
application of image enhanced techniques. Sinc interpolation have shown to provide the 
same deblurring effect reported using SubVoxel resolution on the characterization of the 
structure contours using both MRI (Puri, n.d.) and CT (Zoroofi et al. 2003) however it has 
been mostly applied to increase the voxel size in the z-axes rather than in-plane. In our 
case, increasing the in-plane pixel size using Sinc interpolation and analyzing the images 
using the SubVoxel precision provided by the aperture map did not show improvement 
in the morphological analysis of bone structures. 

UHF MRI have proven to provide resolution images able to acquire bone trabeculae, 
however an optimized approach for the bone microarchitecture assessment is of great 
interest. Therefore, the next chapter focuses on the bone morphological analysis of three 
cadaveric proximal femur acquired using MR different main magnetic fields (3T vs. 7T) 
and pulse sequences (TSE vs. GRE). The comparison between the different MR main field 
strengths and sequence to the reference µCT would provide the optimal MRI setup that 
could also be applied in the clinical practice.   
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Abstract 
Trabecular bone could be assessed non-invasively using MRI. However, MRI does not 

yet provide resolutions lower than trabecular thickness and a comparative analysis 
between different MRI sequences at different field strengths and X-ray microtomography 
(μCT) is still missing. In this study, we compared bone microstructure parameters and 
bone mineral density (BMD) computed using various MRI approaches, i.e., turbo spin 
echo (TSE) and gradient recalled echo (GRE) images used at different magnetic fields, i.e., 
7T and 3T. The corresponding parameters computed from μCT images and BMD derived 
from dual-energy X-ray absorptiometry (DXA) were used as the ground truth. The 
correlation between morphological parameters, BMD and fracture load assessed by 
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mechanical compression tests was evaluated. Histomorphometric parameters showed a 
good agreement between 7T TSE and μCT, with 8% error for trabecular thickness with 
no significative statistical difference and a good intraclass correlation coefficient (ICC > 
0.5) for all the extrapolated parameters. No correlation was found between DXA-BMD 
and all morphological parameters, except for trabecular interconnectivity (R2 > 0.69). 
Good correlation (p-value < 0.05) was found between failure load and trabecular 
interconnectivity (R2 > 0.79). These results suggest that MRI could be of interest for bone 
microstructure assessment. Moreover, the combination of morphological parameters and 
BMD could provide a more comprehensive view of bone quality. 
 

Keywords: osteoporosis; ultra-high field MRI; μCT; turbo spin echo; cadaveric human 
femur; bone morphology; air bubbles artefacts; gradient echo; bone microarchitecture; 
biomechanical fracture test. 
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1.  Introduction 

Low bone mineral density (BMD) and microarchitectural alterations are both 
responsible for osteoporosis, a bone disorder that leads to an increased sensitivity to 
fractures (G. Chang et al. 2018b). The economic burden of osteoporosis in Europe has 
been estimated to 37 billion euros (28 million patients) in 2010 and is expected to increase 
by 25% in 2025 (Hernlund et al. 2013). To alleviate this economic pressure and increase 
the quality of life of patients, the early diagnosis of osteoporosis is a critical issue. 
Osteoporosis is currently diagnosed on the basis of bone mineral density (BMD) 
measurements using dual energy X-ray absorptiometry (DXA). Previous studies have 
shown that DXA has a poor sensitivity. Schuil et al. reported that only 44% of all non-
vertebral fractures occurred in women with a T-score lower than -2.5 SD and in men this 
percentage is even lower (21%) (Schuit et al. 2004). Although the DXA sensitivity 
increases to 88% for both men and post-menopausal women when considering DXA-
determined osteoporosis and low bone density (T-score below -2.0 SD), the ability to 
discriminate the healthy patients, i.e. specificity, is poor (around 41% for post-
menopausal woman and 55% for men) (Nayak et al. 2015b), resulting in a low clinical 
discriminative accuracy (70%) (Humadi, Alhadithi, and Alkudiari 2010b; Soldati, Rossi, 
et al. 2021). In addition, DXA measurements do not take into consideration 
microarchitectural alterations which are also part of the structural picture of osteoporosis. 
Considering the whole set of aspects, the diagnostic accuracy of osteoporosis might be 
expected to increase. Magnetic Resonance Imaging (MRI), quantitative computed 
tomography (qCT), and high-resolution peripheral computed tomography (HRpQCT) 
can be used to assess bone microarchitecture. Whereas qCT and HRpQCT are highly 
radiative techniques (>100 times larger than DXA) (Lam et al. 2011b; Damilakis et al. 
2010b), MRI is recognized as totally non-invasive (Fig. 5.1).  

So far, most of the MRI studies on bone microstructure have been carried out at 
conventional (1.5T) and high (3T) magnetic fields. Ultra-high magnetic field (7T) MRI is 
offering a higher resolution and has been used more recently (D. Guenoun et al. 2020c; 
G. Chang et al. 2017b; Roland Krug et al. 2008a). Most of the time, superficial bones such 
as distal radii and tibiae have been assessed (Majumdar et al. 1997b; R. Krug et al. 2008a; 
Magland, Wald, and Wehrli 2009; Chamith S. Rajapakse et al. 2018a) while deeper bones 
such as the proximal femur microarchitecture have been more scarcely analyzed (G. 
Chang et al. 2018b; G. Chang, Deniz, et al. 2014b). From a technical point of view, different 
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MRI pulse sequences such as gradient recalled echo (GRE) and spin echo (SE) have been 
used. Gradient-echo type of sequences have shown to provide the highest possible signal-
to-noise (SNR) efficiency, while spin-echo sequences are less prone to off-resonance 
intravoxel signal cancellation due to susceptibility differences between bone and bone 
marrow (Roland Krug et al. 2008a). The corresponding results regarding bone volume 
fraction (BVF), trabecular thickness (Tb.Th), spacing (Tb.Sp), and number (Tb.N) have 
been compared to DXA (G. Chang et al. 2018b; D. Guenoun et al. 2020c), qCT (Majumdar 
et al. 1997b; R. Krug et al. 2008a; Roland Krug et al. 2008a) and X-ray microtomography 
(μCT) (Majumdar et al. 1996b; Tjong et al. 2012a; Burghardt, Link, and Majumdar 2011b). 
Using linear regression good correlations (r) have been reported between 3T and 7T MRI 
and qCT on in vivo and ex vivo radii and tibiae (r > 0.69) (Roland Krug et al. 2008a; R. 
Krug et al. 2008a), between qCT and μCT on cadaveric radii (r > 0.89) (Tjong et al. 2012a), 
and moderate to good correlation (0.53 < r < 0.87) was found between 1.5T MRI and μCT 
on cadaveric specimens of distal radii (Majumdar et al. 1996b). MRI can suffer from 
partial volume effects that could be responsible for the discrepancies between MRI and 
X-rays techniques. Previous studies have shown that Spin echo (SE) sequences would 
provide more accurate results regarding trabecular characteristics due the less proneness 
to susceptibility-induced broadening of the trabeculae (R. Krug et al. 2008a; Roland Krug 
et al. 2008a). The use of these pulse sequences might be problematic using Ultra-High 
field (UHF) MRI considering power-deposition issues, that will reduce the number of 
acquirable images in a single scan (Pierre-Marie Robitaille and Lawrence Berliner 2006). 
However, the full 3D acquisition of the thickest bones could be assessed using multiple 
scans per a single MRI session. On that basis, the higher resolution provided by UHF MRI 
might be compromised if one intends to use SE sequences.  

 
Figure 5. 1: Available characteristics from each imaging modality with their corresponding 

strength (+) and weaknesses (-). 
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In that context, a comparative analysis between high and ultra-high field MRI of intact 
proximal femurs taking into consideration the issue of pulse sequences (SE vs. GRE) 
would be of great interest. Such a comparative analysis could address the issues of image 
resolution needed for trabecular microarchitecture assessment, partial volume effects and 
specific power deposition of each imaging modality. For ex vivo measurements, 
susceptibility effects related to air bubbled trapped in the trabecular network should also 
be considered. Considering that these details are missing in the literature, we intended to 
compare, in the present study, the trabecular characteristics of three intact femur heads 
using μCT and 7T MRI using both SE and GRE pulse sequences. We aimed at identifying 
the effects of different techniques (μCT vs. high-field MRI vs. UHF MRI) and pulse 
sequences (SE vs. GRE) on the trabecular network characteristics and to compare the 
corresponding metrics using those from µCT as the gold standard. Moreover, 
microarchitecture characteristics from all the different imaging modalities were also 
compared with failure load assessed during biomechanical compression tests. The 
corresponding results should assess the link between trabecular characteristics and 
proximal femur risk of fracture and offer an assessment frame of the potential use of MRI 
as a non-invasive tool of bone microarchitecture in vivo. 

2.  Materials and Methods 

2.1. Sample Preparation 
All procedures were done in accordance with the ethical standards of the responsible 

committee on human experimentation of the thanatopraxy laboratory, University School 
of Medicine, Hôpital de la Timone, Marseille, France that provided the bodies coming 
from donation and in accordance with the Helsinki Declaration of 1975, as revised in 2000. 

Three cadaveric femurs (S05, S06, S07), were initially scanned using conventional DXA 
(total femur BMD equal to 0.83 g/cm², 1.31 g/cm² and 0.50 g/cm² respectively for S05, 
S06 and S07) and then prepared according to an original vacuum procedure as previously 
reported (E Soldati et al. 2020) in order to remove air bubbles trapped in the trabecular 
network. After an overnight defreezing process, the femur was placed inside a plastic jar 
filled with a physiological solution doped with 1 mM Gd-DTPA (E Soldati et al. 2020). 
The container was then placed on a vibrating surface while low pressure cycles where 
applied. Each cycle had 5 minutes of active pumping (pressure lower than 50 mbar) and 
5 minutes of resting time (150 mbar). Different vibrating amplitudes (0.1 to 1.5 mm) were 
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used to cope with different bubbles size displacement (from 20 μm to 2.5 mm diameter). 
The application of three cycles ensured the removal of more than 99% of air bubbles (E 
Soldati et al. 2020). 

 

2.2. Imaging 
 
µCT Imaging 
μCT images of the three samples were acquired using Rx-Solution EasyTom XL 

ULTRA microtomograph (‘RX Solutions SAS, 3D X-Ray Tomography Systems.’, n.d.), 
with a 150 kV X-Ray Hamamatsu Tube allowing a focus spot size of 5 μm. In order to 
acquire the complete femur head volume, an isovolumetric voxel size of 0.05 mm was 
chosen using an X-ray source voltage of 150 kV, a current of 343 mA, a frame rate of 8 
images/s, and 1440 projections over 360 degrees of rotation. Each projection resulted 
from the average of 10 images in order to enhance the signal to noise ratio. The acquisition 
time was approximately 40 minutes.  

 
MRI Imaging 
All the three femurs were scanned using two pulse sequences (turbo spin echo (TSE) 

and gradient recalled-echo (GRE)) using UHF MRI (7T MAGNETOM, Siemens 
Healthineers, Germany). For comparative purpose one femur head (S05) was also 
scanned at 3T (Verio Siemens Healthineers, Germany) with both TSE and GRE sequences. 
7T MRI were performed using a 28Ch Knee coil, while 3T MRI acquisitions were 
performed using a flexible 16Ch Heart coil. The corresponding sequence parameters were 
similar to those used in the literature (Roland Krug et al. 2008a; G. Chang, Honig, et al. 
2014b; Techawiboonwong et al. 2005b) and adapted to our sample size (Table 5.1). The 
acquisition time was set to be acceptable for clinical applications (14±4 minutes) while the 
voxel size was pushed to the machine limit.  

 
Table 5. 1: List of main parameters used for MRI acquisitions. 

Seq. TR/TE 
(ms) 

Flip 
Angle 

(°) 

FoV  
(mm) 

Bandwidth 
(Hz/Px) NeX Voxel Size 

(mm) 

Slice 
Thickness 

(mm) 
Slices Acq.Time 

(min:sec) 

7T TSE 1040/14 150 97 × 130 244 2 0.13 × 0.13 1.5 10 17:45 
7T GRE 11/5.60 12 120 × 175 330 3 0.18 × 0.18 1 48 9:27 
3T TSE 1170/12 140 119 × 119 255 2 0.21 × 0.21 1.1 36 16:45 
3T GRE 16.5/7.78 10 120 × 120 130 2 0.23 × 0.23 1.1 40 11:17 

TR: repetition time, TE: echo time, FoV: field of view and NeX: number of excitations. 
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2.3. Image Analysis 
 
Image Registration 
For each of the three scanned femurs, MRI and μCT images were co-registered in the 

coronal plane thanks to a 3D printed plastic registration tool positioned inside the plastic 
jar. The μCT alignment along the coronal plane was performed during the post-
processing volume reconstruction step. For the MRI acquisitions, this alignment was 
performed before the acquisition. After the manual 3D alignment, an automatic 2D 
registration was used between one MR slice and a stack of 60 consecutive μCT slices (Nreg) 
centered in the MRI absolute location to find the µCT image that better correspond to the 
MRI one. The registration efficiency was assessed on the basis of the normalized cross-
correlation (NCC), which measures the similarity between template and image by 
searching the location of the maximum value in the image matrices, as previously 
reported (Hisham et al. 2015b). For each stack of 60 µCT images we selected the µCT slice 
with the highest NCC score as the slice that better registered with the corresponding MRI 
one. The MRI images were first upscaled to the µCT matrix size (1785x1380 pixels) using 
the bilinear interpolation and so in order to work in a unique reference frame (Dachena 
et al. 2019). The registration was then performed using a MATLAB (MathWorks, R2020b) 
built-in function, imregister, with a multimodal approach and a geometric affine 
transformation (Fig. 5.2). Moreover, considering that MR images were recorded with a 
space between slices equal to the slice thickness and so in order to reduce the cross-talk 
effects, we also defined as ΔIm the number of μCT images between two consecutive best 
registered μCT slices. The mean values of ΔIm were also reported to evaluate the 
registration quality by comparing the distances between two consecutive, best registered, 
µCT slices with consecutives MRI slice distance which represents the expected ΔIm and 
are computed dividing the slice thickness and the space between slices of each MRI 
sequence by the µCT slice thickness. Moreover, to maximize the region of interest (ROI), 
the registration process has been performed on the 3 central MRI slices characterized by 
the higher femur head surface. Furthermore, since 3T and 7T MR images were targeting 
the same central bone region, we obtained very close registered μCT presenting similar 
morphological parameters values. Thus, we decided to report here only the series of μCT 
data corresponding to the 7T TSE registration. The morphological parameter analysis was 
performed on 2D slices. 
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Figure 5. 2: Registration workflow. 

 

Bone Morphological Quantification 
Conventional histomorphometric parameters were quantified and compared in 

registered μCT/MR images using their original resolutions. Since the binarization of the 
solid part of MR images was not trivial, the Sauvola filter, an automatic local thresholding 
technique particularly useful when the background is not uniform with a window size of 
10x10 pixels, has been applied (Dougherty and Kunzelmann 2007a) to eliminate possible 
biases due to manual thresholding and to take into account important contrast variations 
observed in images. The segmentation of the µCT images was straightforward since the 
contrast was high and the voxel size was smaller than the trabecular thickness. 

Three independent parameters were extrapolated from all the binarized ROIs for the 
multimodal and multiscale comparative analysis (Majumdar et al. 1997b; G. Chang, 
Honig, et al. 2014b). The bone volume fraction (BVF) was calculated as the ratio between 
bone volume and total volume. The trabecular thickness (Tb.Th) and the trabecular 
spacing (Tb.Sp) were extrapolated using the distance transformation map from which it 
has been derived the aperture map using the software iMorph (version 2.0.0) (E. Brun, 
Ferrero, and Vicente 2017a). The aperture map previously used for the 2D and 3D 



Chapter 5 

155 
 

morphology evaluation of porous matters in several fields (E. Brun, Ferrero, and Vicente 
2017a) gives for every pixel the diameter of the maximal disk totally enclosed and 
containing this voxel. Tb.Th and Tb.Sp were then deduced from the mean values of the 
aperture map distribution respectively in the solid and the marrow phase. The trabecular 
number (Tb.N) was derived from the ratio between BVF and Tb.Th. The aperture map 
has been previously used for the 3D morphological evaluation of porous materials in 
different fields (E. Brun, Ferrero, and Vicente 2017a; Burghardt, Link, and Majumdar 
2011b). The aperture map approach, compared to the commonly used mean intercept 
length technique, provides local information with a sub-voxel precision (E. Brun, Ferrero, 
and Vicente 2017a; Johansson et al. 2019).  

Three additional morphological parameters have also been assessed, i.e., the principal 
and secondary trabecular orientation (Tb.OrP and Tb.OrS respectively) and the 
trabecular interconnectivity (Tb.Int). The local orientation of each pixel has been 
computed using multiple 2D local Hessian matrix, each one resulting from the second 
order derivatives of the gray level image convolved with a gaussian matrix of fixed 
standard deviations (σ from 1 to 5). The eigenvalues and eigenvectors of the five 2D 
Hessian matrices have been calculated and the eigenvectors corresponding to the largest 
eigenvalues have been kept. The orientation has then been calculated from the four-
quadrant inverse tangent (tan-1) from the eigenvectors translating the main orientation 
(Ian Goodfellow, Yoshua Bengio, and Aaron Courville 2016). The orientation distribution 
was computed considering the local orientation of binarized solid voxels only. In order 
to identify the first and second main directions of the trabeculae, a 2 gaussian curves 
fitting has been applied using an in-house MATLAB code based on built-in function 
fitnlm which was adapted to resolve the following model: 
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Where 𝑎𝑎 is the y-intercept, 𝑚𝑚 is the slope, and 𝜇𝜇1,𝜎𝜎1 and 𝜇𝜇2,𝜎𝜎2 are respectively the 

mean and SD of the first and second gaussian curves. 
Tb.OrP was expressed as the mean ± SD of the principal fitted gaussian curve, Tb.OrS 

is presented as the difference between absolute mean secondary orientation and the main 
principal orientation. Trabecular interconnectivity has been computed as the standard 
deviation of the whole trabecular orientation distribution from the main principal 
trabecular orientation. Tb.Int represents the trabecular orientation variability and could 
provide information about the bone adaptability to stresses coming from different 
directions (Fig. 5.3). 
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Figure 5. 3: Preprocessing and elaboration steps for the microarchitecture characteristics 

assessment. 

A one-way analysis of variance (factor = imaging modality) was carried out to assess 
the statistical effect of the imaging modality on the different morphological parameters. 
A p-value lower than 0.01 was considered as statistically significant. Linear regression 
was performed to address the functional relationship between the different imaging 
modalities. In addition, a Bland-Altman (BA) analysis was used to assess the agreement 
between the imaging modalities. The BA analysis allows the identification of any 
systematic difference between the measurements or possible outliers and it is usually 
used to investigate any possible relationship of discrepancies between the measurements 
and the true value. Intraclass correlation coefficients (ICC) were also calculated as 
previously reported (Koo and Li 2016b) and the agreement was considered as low 
(ICC<0.5), good (0.5<ICC<0.75) or excellent (ICC>0.75). Moreover, the clinical relevance 
of bone microarchitecture was assessed by calculating the linear regression between 
BMD, determined from DXA scan, and the morphological parameters computed from 
the image analysis of the different imaging techniques and sequences. 

 
Bone Mineral Density Assessment 
BMD was also assessed using µCT and 7T MR images for comparison purposes. Two 

approaches have been proposed and applied. One volumetric using all µCT images 
which provided a complete 3D bone reconstruction (Arokoski et al. 2002a; Kröger et al. 
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1995), and one areal using the µCT and MR image with higher 2D bone surface, hence 
corresponding to the central coronal plane.  

The BMD-DXA from the specific region of the femur neck (BMD = 0.78, 0.96 and 0.54 
g/cm² for S05, S06 and S07 respectively) were retrieved and the ROI used to calculate it 
has been individuated. Femur neck ROI was chosen as it represents one of the regions 
more affected by fragility fractures due to osteoporosis (Ramponi, Kaufmann, and 
Drahnak 2018) and one of the most occurring due to sideways fall. The angle between the 
long bone axis and the femur head was individuated and the stack of images were 
oriented to obtain the ROI of the femur neck perpendicular to the y-axis (see Fig. 5.4).  

Firstly, using all the µCT images a volumetric region of interest (VOI) in 
correspondence of the ROI used to evaluate the femur neck BMD-DXA was individuated 
manually. The number of bone voxels was assessed by applying the same threshold as 
described in the previous section. Bone mineral content (BMC(1)) was calculated as the 
product of bone voxels for the bone density adjusted for porosity (ρ = 1.2 g Ca/cm3) 
(Laval-Jeantet et al. 1983b). To provide the BMD comparable to conventional BMD-DXA 
(expressed in g/cm2), in case of 3D µCT, the BMC(1) was divided by the bone surface of 
the central coronal plane of the VOI analyzed. 

The same concept was applied to calculate BMD from a 2D image for both µCT and 7T 
MRIs. After the positioning of the ROI in accordance with the ROI used for the DXA 
analysis in the femur neck, the central coronal image in the ROI was selected and 
binarized. The vector crossing the bone surface in the middle was individuated and used 
as rotation axis. The volume that each bone pixel depicts over a rotation of 180° around 
the rotation axis was calculated using the volume ring formula, hence integrating the 2D 
surface to obtain an apparent bone volume (Vapp) of the femur neck. The calculation was 
performed assuming unit height, and major (R) and minor (r) radius assessed with 
respect to the rotation axis (Fig. 5.4). The rotation of the 2D surface around the central 
coronal plane of the femur neck was made on the basis of the femur neck anatomy. In 
fact, the cortical thickness, which represents the most representative bone region for the 
BMD, is not homogeneous. The bottom cortical layer of the femur’s neck is thicker than 
the upper layer. On that basis, a surface rotation, expressing both the superior and 
inferior cortical layers, over 2π would provide a more reliable approximation of the total 
femur neck volume. Once obtained the apparent bone volume, BMC(2) and BMD were 
derived as previously described. Finally, to assess the correlation between techniques, the 
linear regression was computed between BMD derived from DXA scans and those 
calculated from µCT and 7T MRIs in the same femoral neck ROI.  
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Figure 5. 4: Workflow for bone mineral density estimation. 

 

2.4. Mechanical Testing 
Each specimen was loaded to failure in an universal testing machine (Instron 5566, 

Instron, Canton, MA, USA). Each femur was placed within the loading apparatus so as 
to simulate a sideways fall on the greater trochanter (Manske et al. 2009; Eckstein et al. 
2003). Each specimens was first fixed in resin (Epoxy Axon F23) at 15° internal rotation 
and then the femoral head were oriented at 10° adduction within the testing machine. 
The load was applied to the greater trochanter (displacement rate 10 mm/min) through 
a pad, which simulated a soft tissue cover, and the femoral head was covered with resin 
to ensure force distribution over a larger surface area. Failure load (in MPa) was defined 
as the first local maximum after which the load declined by more than 10% divided by 
the bone surface at the fracture site (Le Corroller et al. 2012). Fractures were visually 
classified according to clinical criteria (femoral neck, intertrochanteric, subtrochanteric, 
or isolated greater trochanteric fractures) (D. Guenoun et al. 2020a). Finally, to assess the 
correlation between mechanical tests and bone morphology the linear regression between 
fracture load and both BMD (DXA-derived and derived from µCT and MR images) and 
microarchitectural parameters has been computed and the coefficient of determination 
(R²) have been reported.  
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3.  Results 

3.1. Registration Quality 
The optimal registration between MRIs and μCT slices are illustrated in Fig. 5.5. In 

Table 5.2 are presented the mean and standard deviation of the NCC scores for the femur 
(S05) scanned both at 3T and 7T. Similar results were obtained between 7T MR and μCT 
images for the other two samples. As indicated, the results showed that the registration 
was more efficient using the TSE sequence as compared to the GRE. The corresponding 
increase was 20% at 3T and 7% at 7T. Considering the GRE images, an improved 
registration (13%) was quantified at 7T as compared to 3T.  

 
Table 5. 2: S05 normalized cross-correlation (NCC) scores and ΔIm, the number between two 

consecutive best registered μCT images used to evaluate the registration efficiency for the four 
stacks of MRI images. 

S05 7T TSE—μCT 7T GRE—μCT 3T TSE—μCT 3T GRE—μCT 
NCC score 0.93 ± 0.01 0.86 ± 0.01 0.94 ± 0.01 0.75 ± 0.01 

ΔIm 67 ± 7 (59) 36 ± 13 (39) 42 ± 16 (43) 50 ± 18 (43) 
ΔIm are presented as mean ± SD. expΔIm values are presented in brackets. 

 
µCT—7T TSE MRI µCT—7T GRE MRI µCT—3T TSE MRI µCT—3T GRE MRI 

    
(a) (b) (c) (d) 

    
(e) (f) (g) (h) 

Figure 5. 5: (a–d) S05 best registration for the four different MRI acquisitions with μCT; (e–h) 
corresponding NCC efficiency profile. 

The registration efficiency scores were similar at 3T (0.94) and 7T (0.93) regarding TSE 
images. Moreover, the ΔIm mean values were found to be in the same range of the 
expected ΔIm values (presented in brackets) which are the number of µCT slices between 
two consecutive MR images. More particularly the 7T TSE showed the lowest standard 
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deviation. In addition, considering all the three samples scanned at 7T, TSE images 
showed generally higher efficiency than GRE images (0.91±0.03 vs. 0.87±0.02). Moreover, 
ΔIm mean values were found in the same range to the expected results for both 
techniques (TSE and GRE) but TSE showed lower standard deviation (66±9 (59) vs. 38±14 
(39) respectively for TSE and GRE at 7T). Overall, the registration results showed that we 
were able to register multimodal and multiscale images with different voxel dimensions. 

 

3.2. Selection of the Optimal MRI Sequence 
The same registered coronal plane for the four different MRI acquisitions and µCT 

with the corresponding ROIs are shown in the first row of Fig. 5.6. The binarized voxels 
of the respective ROIs are shown in the second row of Fig. 5.6. In Table 5.3 are reported 
the morphological parameters derived as “mean ± SD” for each sample and imaging 
modality with the absolute errors calculated on each feature for both TSE and GRE 
sequence performed with respect to the µCT reference. Clearly, TSE sequences provided 
a better contrast, so the inner trabecular network was more easily identifiable (Fig. 5.6) 
and this for all the scanned samples acquired using both 3T and 7T MRI.  

µCT 0.05 mm iso 7T TSE 0.13 mm 7T GRE 0.18 mm 3T TSE 0.21 mm 3T GRE 0.23 mm 

     
(a) (b) (c) (d) (e) 

     
(f) (g) (h) (i) (j) 

Figure 5. 6: (a–e) S05 same coronal planes of the (a) μCT and four different MRI acquisitions 
((b) 7T TSE, (c) 7T GRE, (d) 3T TSE and (e) 3T GRE). The red square identify the ROI extrapolated 
from all the registered images. (f–j) Corresponding ROI binarized (automatic local thresholding 
with a window size of 10×10 pixels). 

Moreover, considering the morphological features quantified on UHF images 
conducted on the three samples, the corresponding errors, taking μCT as a reference, 
were lower for TSE sequence (maximum errors always lower than 12% for all the 
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characteristics) than GRE (maximum errors up to 63% for BVF, 107% for Tb.Th and 35% 
for Tb.Sp) (Table 5.3 and Fig. 5.7). 

 
Table 5. 3: Morphological characteristics between registered µCT—7T MR images. 

  BVF Tb.Th Tb.Sp Tb.N Tb.OrP Tb.OrS Tb.Int 

S0
5 

(B
M

D
-

D
XA

 =
 0

.8
3  

µCT 0.23 ± 0.01 0.25 ± 0.01 0.86 ± 0.04 0.97 ± 0.03 67 ± 11 165 ± 6 23.84 ± 0.66 
7T TSE 0.24 ± 0.01 0.26 ± 0.02 0.92 ± 0.04 0.92 ± 0.03 67 ± 13 161 ± 10 22.41 ± 1.50 

Max diff% 8% 6% 8% 8% 1% 3% 9% 
7T GRE 0.36 ± 0.01 0.50 ± 0.03 1.02 ± 0.03 0.71 ± 0.03 62 ± 12 167 ± 10 21.44 ± 1.20 

Max diff% 63% 107% 27% 32% 10% 5% 13% 

S0
6 

(B
M

D
-

D
XA

 =
 1

.3
1  

µCT 0.24 ± 0.01 0.25 ± 0.01 0.93 ± 0.02 0.89 ± 0.04 69 ± 12 165 ± 7 24.83 ± 1.18 
7T TSE 0.24 ± 0.02 0.26 ± 0.01 0.96 ± 0.05 0.89 ± 0.05 67 ± 14 160 ± 9 25.08 ± 1.31 

Max diff% 10% 7% 5% 7% 7% 4% 5% 
7T GRE 0.34 ± 0.01 0.40 ± 0.02 0.89 ± 0.08 0.85 ± 0.03 68 ± 14 162 ± 10 23.21 ± 1.29 

Max diff% 57% 64% 13% 9% 4% 3% 8% 

S0
7 

(B
M

D
-

D
XA

 =
 0

.5
0  

µCT 0.21 ± 0.01 0.24 ± 0.01 0.88 ± 0.03 0.87 ± 0.03 68 ± 10 163 ± 7 21.33 ± 0.46 
7T TSE 0.22 ± 0.01 0.24 ± 0.02 0.89 ± 0.06 0.84 ± 0.02 68 ± 12 164 ± 11 20.56 ± 0.77 

Max diff% 11% 12% 5% 6% 3% 2% 6% 
7T GRE 0.32 ± 0.01 0.37 ± 0.04 1.08 ± 0.09 0.88 ± 0.11 61 ± 12 159 ± 9 19.60 ± 1.27 

Max diff% 55% 70% 35% 12% 17% 9% 12% 
Morphological characteristics are expressed as mean ± SD for the three registered µCT-7T MRI 

images for all the three different samples (S) for both turbo spin echo (TSE) and gradient recalled 
echo (GRE) with the corresponding maximum percentage difference (max diff%). BVF: bone 
volume fraction, Tb.Th: trabecular thickness, Tb.Sp: trabecular spacing, Tb.N: trabecular number, 
Tb.OrP: principal trabecular orientation, Tb.OrS: secondary trabecular orientation, Tb.Int: 
trabecular interconnectivity. 
 

The statistical analysis, conducted on three 2D images per bone sample using the one-
way ANOVA showed no significant statistical difference (p > 0.01) between 7T TSE and 
the μCT reference for the whole set of parameters. The coefficient of determination (R2), 
calculated to address their functional relationship, ranged from 0.52 for Tb.N to 0.81 for 
Tb.Int. The corresponding bias (considering μCT as a reference) was determined thanks 
to the Bland-Altman analysis and resulted in a mean bias of 4.8% for the whole set of 
morphological parameters. The interclass correlation coefficient came as an additional 
support and all parameters were classified as good (ICC ranging from 0.53 for Tb.Th to 
0.73 for Tb.OrP) or excellent (ICC = 0.80 for Tb.Int). Different results were obtained using 
the 7T GRE images. The one-way ANOVA showed a significant statistical difference for 
three out of seven morphological parameters analyzed (BVF, Tb.Th and Tb.Int). The 
coefficient of determination (R²) ranged from 0.11 for Tb.Th to 0.63 for Tb.OrP and the 
Bland-Altman analysis showed higher biases for all the parameters (ranging from 2.0% 
for Tb.OrS to 51.1% for Tb.Th) with a mean bias of 20.6%. The ICC values were generally 
lower than those derived using 7T TSE and were classified as poor (BVF, Tb.Th and 
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TbOrS) or good (Tb.Sp, Tb.N, Tb.OrP and Tb.Int) with Tb.Th performing the worst (ICC 
= 0.11) and Tb.Int the best (ICC = 0.73). 

 

 
Figure 5. 7: Data shows mean and SD of, respectively, BVF: bone volume fraction, Tb.Th: 

trabecular thickness, Tb.Sp: trabecular spacing, Tb.N: trabecular number, Tb.OrP: principal 
trabecular orientation, Tb.OrS: secondary trabecular orientation and Tb.Int: trabecular 
interconnectivity of the three analyzed samples S05 ‘●’, S06 ‘■’ and S07 ‘▲’ scanned with different 
scanners (µCT and MRI), field strengths (3T and 7T), sequences (TSE and GRE) and resolution. 

Interestingly, the analysis conducted on a single femur (S05) using both 3T and 7T MRI 
showed that the corresponding error committed on morphological features quantified on 
UHF images, taking µCT as a reference, was the lowest and so regardless of the magnetic 
field strength (Fig. 5.7). As a matter of example, BVF error was reduced by 50% and 71% 
from 3T to 7T for TSE and GRE respectively. Similar results were obtained for all the 
conventional morphological parameters with a mean reduction of the committed error of 
58% from 3T to 7T TSE and of 69% from 3T to 7T GRE. The largest reduction was 100% 
for the Tb.Sp from 3T to 7T TSE and 178% for the Tb.Th from 3T to 7T GRE. The 
morphological characteristics derived from gray level intensities showed very similar 
results between 3T and 7T with errors compared to µCT reference always lower than 11% 
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for both TSE and GRE. Considering the MRI pulse sequences at 3T, TSE did not 
systematically perform better than GRE. In fact, errors were reduced for BVF (81%) and 
Tb.Th (249%) and were increased for Tb.Sp (80%) and Tb.N (17%). Moreover, the results 
also showed that images acquired at 7T did not always provide better results as compared 
to 3T. In fact, when comparing 3T TSE with 7T GRE, the committed errors were lower for 
BVF (mean error equal to 48% for 3T TSE and 63% for 7T GRE) and for Tb.Th (mean error 
equal to 33% for 3T TSE and to 107% for 7T GRE). 
 

3.3. Correlation between DXA-BMD and 
Microarchitecture 

The linear regression between the morphological parameters and BMD derived from 
clinical DXA, for the three analyzed samples, has also been assessed to determine 
whether these two analyses were providing the similar information and, if appliable, the 
relation with a specific MR sequence (Fig. 5.8). 

No linear correlation was assessed between µCT morphological parameters and BMD 
for the majority of the morphological parameters analyzed (R² equal to 0.20 for Tb.Th, 
0.42 for Tb.Sp, 0.01 for Tb.N, 0.16 for Tb.OrP, 0.15 for Tb.OrS). However, BVF and Tb.Int 
showed respectively modest (R² = 0.50) and good (R² = 0.73) correlations. 7T MR images 
showed similar results i.e. no linear correlation was found for all morphological 
characteristics using TSE sequence (R² equal to 0.40 for BVF, 0.23 for Tb.Th, 0.31 for Tb.Sp, 
0.16 for Tb.N, 0.01 for Tb.OrP and 0.30 for Tb.OrS) or GRE (R² equal to 0.22 for BVF, 0.02 
for Tb.Th, 0.47 for Tb.Sp, 0.01 for Tb.N, 0.38 for Tb.OrP and 0.04 for Tb.OrS) but trabecular 
interconnectivity which presented the highest correlation (R² equal to 0.77 for 7T TSE and 
0.66 for 7T GRE). 

µCT 7T TSE 7T GRE 

   
(a) (b) (c) 
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(d) (e) (f) 

   
(g) (h) (i) 

   
(j) (k) (l) 

   
(m) (n) (o) 
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(p) (q) (r) 

   
(s) (t) (u) 

Figure 5. 8: Linear regression between BMD calculated using standard DXA and all 
morphological parameters ((a-c) BVF, (d-f) Tb.Th, (g-i) Tb.Sp, (j-l) Tb.N, (m-o) Tb.OrP, (p-r) 
Tb.OrP, (s-u) Tb.Int) derived from µCT (left), 7T TSE MR (middle) and 7T GRE MR (right) images. 
“BVF” refers to bone volume fraction, “Tb.Th” refers to trabecular thickness, “Tb.Sp” refers to 
trabecular spacing, “Tb.N” refers to trabecular number, “Tb.OrP” refers to principal trabecula 
orientation, “Tb.OrS” refers to secondary trabecular orientation, “Tb.Int” refers to trabecular 
interconnectivity. 

 

3.4. Correlation between DXA-BMD and both μCT- 
and MR- Derived BMD 

The BMD derived from µCT images (using both 3D and 2D approach) and 7T MR 
images (2D approach only) are presented in Fig. 5.9. The results showed values in the 
same range of the BMD determined using DXA scans for all the imaging techniques with 
mean errors equal to 6% for µCT 3D, 15% for µCT 2D, 12% for TSE 2D and 49% for GRE 
2D. Moreover, the linear regression between BMD calculated using DXA and the BMD 
derived from µCT images, using both the 3D and the 2D approach, showed good 
correlation (R² = 0.94 for 3D µCT and R² = 0.85 for 2D µCT). Similar results were obtained 
using the 2D approach on 7T TSE images (R² = 0.77) while the BMD derived using 7T 
GRE showed poor correlation (R² = 0.24). 
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(a) (b) 

  
(c) (d) 

Figure 5. 9: Linear regression between BMD calculated using standard DXA analysis and BMD 
derived using (a) µCT 3D approach, (b) µCT 2D approach, (c) TSE 2D approach and (d) GRE 2D 
approach. 
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3.5. Correlation between Failure Load and Bone 
Morphology 

We observed one femoral neck and two intertrochanteric fractures with a mean failure 
load equal to 1733.6 N (SD, 524.6 N) over a mean femoral neck surface of 800.9 mm² (SD, 
195.8 mm²) derived from high-resolution µCT images in correspondence of the bone 
fracture site. The resulting mean fracture strain was 2.15 MPa (SD, 0.22 MPa) with a mean 
work equal to 0.067 J (SD, 0.04 J).  

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 5. 10: Linear regression between fracture load and trabecular spacing (a-c) and 
trabecular interconnectivity (d-f) derived from µCT images (left), 7T TSE (middle) and 7T GRE 
(right). 

The linear regression between DXA derived-BMD at the femoral neck region and 
fracture strain showed a poor correlation (R² = 0.43). Higher correlations were found 
using µCT derived-BMD (R² = 0.66 for the 3D µCT and R² = 0.88 for 2D µCT). Similar 
result was obtained using the BMD derived from the 2D approach on TSE images (R² = 
0.87) while poor correlation (R² = 0.11) was found using GRE images. Moreover, the linear 
regression between failure strain and microarchitecture parameters derived in the femur 
head showed excellent to good correlations for both Tb.Sp (R² = 0.97, 0.88 and 0.70 
respectively derived from µCT, 7T TSE and 7T GRE) and Tb.Int (R² = 0.999, 0.792 and 
0.934 respectively for µCT, 7T TSE and 7T GRE) (Fig. 5.10). However, poor correlations 
were found for BVF (R² < 0.22), Tb.Th (R² < 0.25) and Tb.N (R² <0.36) among all the used 
imaging modalities in this study.  
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4.  Discussion 

The investigation of complete cadaveric bone segments is of interest for a reliable 
assessment of bone quality and bone disorders. Up to now, cadaveric bone imaging using 
MRI has been mainly performed in small specimens (<5 cm3) (Chamith S. Rajapakse et 
al. 2018a; Seifert et al. 2014b) with the consequence of a poor representative 
characterization of the entire bone. Large bone specimens’ investigations could provide 
a more complete picture as long as magnetic susceptibility artefacts issues due to bubbles 
trapped inside the trabecular network are removed as previously described (E Soldati et 
al. 2020). High and ultra-high field MRI is of interest given the high images resolution 
that can be achieved using a reasonable acquisition time, but power deposition can be an 
issue for a certain type of MRI sequences. A comparative analysis between different MRI 
sequences (performed at different main field strengths) and μCT of proximal femurs 
trabecular network could be of interest for the clinical application of in vivo non-invasive 
microarchitecture analysis of one of the most invalidating osteoporotic site and more in 
general of deep bone segments. 

In the present study we addressed the issue related to MRI sequence selection, at high 
and ultra-high field for the histomorphometric assessment of large bone segments in 
vivo. 

Considering that previous studies have indicated that TSE sequences were less 
susceptible to partial volume effects as compared to GRE sequences (R. Krug et al. 2008a), 
one might expect different effects for the bone micro-architecture quantification. Our 
results regarding bone micro-architecture further confirm and extend those from 
previous studies conducted at 1.5T (Majumdar et al. 1999b), 3T (R. Krug et al. 2008a; 
Roland Krug et al. 2005b) and 7T (Roland Krug et al. 2008a). The TSE sequence was 
indeed less prone to partial volume effects errors as compared to GRE and so regardless 
the magnetic field strength and the investigated bone segment. These stronger partial 
volume effects on GRE sequences created opposite effects on Tb.Th and Tb.Sp. In fact, 
Tb.Th computed from GRE images was largely overestimated (249% at 3T and 107% at 
7T) with respect to μCT reference values, likely as a result of bigger trabeculae thickening 
and aggregation of the thinnest. The same phenomenon, i.e. trabecular thickening and 
aggregation, led to a space reduction between the biggest trabeculae and also between 
the thinnest so that the computed Tb.Sp values were similar to those computed from μCT 
images. Previous measurements performed at 3T on tibiae and radii indicated that 
trabeculae are more accurately depicted using spin-echo type sequence, whereas 
gradient-echo sequences would lead to trabecular broadening (R. Krug et al. 2008a). Krug 
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et al. also suggested that trabecular structure can be enhanced using gradient-echo 
sequences so that smaller trabeculae would disappear due to partial volume effects (R. 
Krug et al. 2008a). In agreement with the present results, Majumdar et al. (Roland Krug 
et al. 2008a) also indicated that structural parameters computed from distal tibia images 
recorded at 7T were closer to reference μCT values as compared to those acquired at 3T. 
They also reported that spin-echo sequences revealed a more homogeneous bone marrow 
signal than gradient-echo ones, hence reducing the susceptibility-induced broadening 
effects of the trabeculae (Roland Krug et al. 2008a). Furthermore, they showed that since 
trabecular structure is overemphasized at higher field strength due to susceptibility-
induced broadening, smaller trabeculae, usually not visible due to partial volume effects, 
may be emphasized at 7T (Roland Krug et al. 2008a). Therefore, the application of a higher 
main magnetic field strength may provide a more accurate trabecular network 
identification. 

Of interest, the morphological parameters computed from TSE images recorded at 7T 
were in agreement with the μCT reference values for all the three acquired femur 
specimens and with those from previous works (Roland Krug et al. 2008a; Majumdar et 
al. 1997b; 1996b; Tjong et al. 2012a; Burghardt, Link, and Majumdar 2011b; Majumdar et 
al. 1999b; Soldati, Escoffier, et al. 2021). For the whole set of microarchitecture features, 
the committed errors were always lower than 12% and the corresponding mean bias was 
low (<5%). In young healthy subjects, Majumdar et al. (Roland Krug et al. 2008a), showed 
similar tibiae morphological parameters for both gradient- and spin-echo sequences 
recorded at ultra-high field (0.45 for BVF, 0.26 mm for Tb.Th and 0.33 mm for Tb.Sp with 
spin-echo, and 0.50 for BVF, 0.33 for Tb.Th and 0.33 for Tb.Sp with gradient-echo). 
Similarly to our results, they showed an overestimation of BVF and Tb.Th for gradient-
echo as compared to spin-echo, while the identification of the Tb.Sp was consistent 
between the two sequences. Moreover, the values differences (higher BVF and lower 
Tb.Sp) might be due to the different conditions and anatomical site (healthy, young, and 
in vivo tibiae vs. old and cadaveric proximal femurs in our case). Our results are in 
agreement with those from Tjong et al. (Tjong et al. 2012a), in a study conducted using 
μCT (voxel size 18 μm isovolumetric) and HRpQCT (voxel sizes 41 μm isovolumetric) on 
cadaveric radii. The corresponding morphological parameters (0.21±0.06 for BVF, 
0.75±0.15 mm for Tb.Sp and 0.21±0.01 mm for Tb.Th) were in the same range than those 
we computed in a different anatomical site. 

The linear regression between morphological parameters and BMD assessed for all the 
different imaging techniques (μCT, 7T TSE and 7T GRE) showed a poor correlation 
(R²<0.47 for all the parameters but Tb.Int (R² between 0.66 and 0.77 for the three different 
imaging modalities). Among the conventional morphological parameters higher 
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correlations were found for Tb.Sp, in particular for 7T GRE images (R² equal to 0.47), 
while Tb.Th usually showed the lowest. Similar effect has been assessed previously. 
Majumdar et al. (Majumdar et al. 1997b) showed moderate correlations for Tb.Sp (0.41 
respectively) on in vivo distal radii acquired using a modified gradient echo imaging 
sequence at 1.5T. Moreover, Chang et al. showed no linear regression between 
microarchitectural parameters and BMD on a study conducted on the hip of 60 
postmenopausal woman scanned using 3T MRI (G. Chang et al. 2018b). The poor 
correlation assessed between the morphological parameters and the BMD extended 
previous results showing that bone density and structure are two distinct characteristics. 
However both are essential for defining the clinical state of bone (G. Chang et al. 2018b; 
D. Guenoun et al. 2020c; Majumdar et al. 1997b). The highest correlations were found for 
trabecular interconnectivity, which provided good correlation for all the three different 
imaging modalities. The progressive decreasing of trabecular interconnectivity with 
lower BMD may suggest a reduced trabecular orientation profile and a reduced dynamic 
spread of impulsive actions. On that basis, Tb.Int seemed to suggest an increased bone 
fragility and a consequent increased risk of fracture.  

The 2D approach for deriving the BMD has been proposed due to the fact that MR 
images are usually acquired using a slice thickness at least 3 times bigger than the pixel 
size, a distance factor/slice gap equal to the slice thickness to reduce the cross-talk effects, 
and a single acquisition using 7T TSE is not able to depict the whole femur head segment. 
Therefore, the potential to derive a BMD approximation using the central coronal plane 
only of the proximal femur is of great interest. The correlation between BMD derived 
from DXA scans and computed using the BMC from 2D and 3D µCT, and 2D 7T MR 
images, in approximately the same femoral neck ROI, showed good to moderate 
correlation for all the techniques but 7T GRE. In particular, the BMDs computed from 2D 
TSE images showed values in the same range of conventional DXA with a comparable 
standard deviation. Similar results have been assessed previously by Kroger et al., in a 
study conducted in 32 volunteers comparing BMD derived from DXA and 1.5T MR 
images in the lumbar vertebra L3 assessing a good correlation (r = 0.665) (Kröger et al. 
1995). The results were further confirmed and extended by Arokoski et al. in a study 
conducted in the femoral neck of 28 people using DXA and a spin echo sequence (TR/TE 
= 730/11 ms) at 1.5T MRI where BMD derived from these two techniques provided a 
good correlation (r = 0.74) (Arokoski et al. 2002b). The results seemed to suggest that MR 
images can be used to assess both bone microstructure and mineral density in multiple 
bone regions with good accuracy compared to gold standard X-ray techniques. 

The mechanical tests provided failure load values in the same range with those from 
previous studies (Le Corroller et al. 2012; D. Guenoun et al. 2020a; Manske et al. 2009). 
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Moreover, the linear regression between failure load and BMD derived using DXA was 
similar to a previous study conducted by Guenoun et al. on 10 samples (R² = 0.415) (D. 
Guenoun et al. 2020a). Interestingly, the linear regression between the fracture strain and 
both trabecular spacing and trabecular interconnectivity showed good correlation 
regardless the imaging modality (R² > 0.79). This result clearly supports the hypothesis 
that microarchitectural parameters could provide additional information to BMD on the 
bone health and fracture risk assessment. 

Our results showed that the registration between MRI and µCT images converged for 
both GRE and TSE images recorded at both high and ultra-high fields. Previous studies 
related to multimodal registration have been conducted for images with similar voxels 
dimensions and used approaches based on entropy, correlation, and pixels intensities 
differences (Studholme, Hill, and Hawkes 1997; Penney et al. 1998). More recently, Wafi 
et al. reported that NCC was a robust registration approach based on illumination 
changes. However, the corresponding computational cost was high, and the technique 
was sensitive to thin line structures as reported by Penney et al. (Hisham et al. 2015b; 
Penney et al. 1998; Andronache, Cattin, and Székely 2006). Our results related to the 
registration process showed that TSE images always provided a better result, for both 
NCC and ΔIm, as compared to GRE images and so regardless of the magnetic field 
strength. This better performance might also be related to voxel resolution for both TSE 
vs. GRE and 3T vs. 7T. In fact, for a given field strength, a reduced in-plane resolution 
(0.13 vs. 0.18 mm at 7T and 0.21 vs. 0.23 mm respectively for TSE and GRE at 7T and 3T) 
is converted in greater NCC scores and lower ΔIm standard deviations. However, while 
an increased NCC score and ΔIm closest to the reference were obtained for GRE images 
from 3T to 7T, an opposite effect was computed for TSE images i.e. a slightly decreased 
NCC and a more different mean ΔIm value as compared to the expected values, while 
the standard deviation decreased from 16 to 7, corresponding to a decreased μCT range 
of 0.46 mm. This effect might be explained by the slice thickness (from 1.1 mm at 3T to 
1.5 mm at 7T), which is due to the smaller number of acquirable images. Zhao et al. 
supported this hypothesis, showing that images with the same resolution (both in-plane 
and through-planes) can be registered accurately with more confidence (C. Zhao et al. 
2016). Therefore, the NCC method can be considered as an optimized approach for 
images i.e. μCT and MRI with a 20 to 30-fold difference in slice thickness.  

Some limitations must be acknowledged in the present study. Due to specific 
absorption rate (SAR), the number of images acquirable using TSE at 7T was strictly 
limited. In order to acquire the whole bone segment, multiple acquisitions could be 
performed as long as pauses are allowed between acquisitions. Moreover, although tissue 
alterations due to sample freezing-defreezing process could have been expected, our 
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morphological evaluation provided results similar to those in previous studies conducted 
in vivo and ex vivo (Majumdar et al. 1999b; Roland Krug et al. 2005b) suggesting a limited 
effect of this process. Finally, the study has been conducted in a limited number of 
cadaveric femurs. The number was limited for obvious ethical reasons. 

 

5.  Conclusion 

Overall, in agreement with previous studies, the present results obtained from three 
cadaveric proximal femur heads, showed that TSE images were less prone to partial 
volume effects and trabecular broadening than GRE images and so regardless the 
magnetic field strength. Our results extended previous results and showed that the 
higher field strength, the smaller the committed errors and the larger the agreement with 
μCT reference values. Furthermore, the morphological and statistical analyses showed 
that TSE sequence at 7T could be used in vivo for evaluating bone microstructure of deep 
bone segments with a very good approximation as compared to μCT gold standard. 
Moreover, our results showed that the BMD derived from both µCT and 7T TSE images 
positively correlated with the clinical standard BMD derived using DXA and that 
trabecular interconnectivity presented higher correlation to fracture load than those 
derived using BMD. 

Therefore, our results clearly suggest that UHF MRI could be of interest as an in vivo 
and non-invasive imaging modality for the assessment of both bone microarchitecture 
and mineral density, and could provide a more comprehensive view of bone quality and 
fracture risk than DXA alone. 
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Conclusion of the Chapter   

In this chapter, it has been presented an optimized approach for the bone 
microarchitectural assessment of the proximal femurs. It has been shown that using UHF 
MRI the obtained morphological parameters were comparable to those derived from µCT 
reference, however this was not the case for MRI at 3T. The sequence effect has also been 
exploited, showing that TSE sequence are less prone to partial volume effects and have 
to be preferred to GRE ones. The different MRI acquisitions have been performed 
reducing the pixel size to the machine and sequence limit in an in vivo appliable 
acquisition time. The obtained results further support the hypothesis that to assess the 
bone trabeculae the image resolution has to be in the same order of the trabecular 
thickness. 

MR technology is a developing field with the main aim to provide better diagnostic 
tools while increasing the patient comfort. In the last decades, the technical advantages 
has been focused on increasing the MR main field strength up to the new 7T which has 
also been released for clinical use. Increasing the main field strength provide higher SNR 
while keeping the acquisition time almost constant and therefore not affecting the patient 
comfort. 

The images previously reported in this manuscript were acquired using the 7T 
MAGNETOM (Siemens Healthineers, Germany) which was a UHF MR machine for 
research use only. As previously reported, the 7T MAGNETOM was able to assess 
proximal femur microarchitecture, however presenting some limitations, i.e. the number 
of acquirable images per scan session was limited by the SAR deposition and the 
acquisition time was at the extreme limit of the in vivo applicability. Although, only 
recently a new UHF MR scanner, the 7T MAGNETOM Terra (Siemens Healthineers, 
Germany) has been release for clinical use. The application of the previously presented 
scanning protocol showed great advantages as compared to the previously described 
scanner. The SAR deposition on patients has been drastically reduced, allowing the 
acquisition of an increased number of images per a single scan (from 10 to 20) while 
reducing the acquisition time to 11:59 min leading to a more acceptable acquisition time 
for patients applicability. However, the image quality remained unchanged. 

The technical advantages just described provided MR images with comparable quality 
than before, however they allowed the acquisition of the whole proximal femur in a single 
scan and using a more acceptable acquisition time for patients. Therefore, both the patient 
comfort and the protocol applicability in clinical practice resulted increased. 
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In the next chapter, it is presented a multiscale and multimodal analysis of two 
proximal femur neck (one osteoporotic and one healthy). The femoral neck has been 
chosen since it represents one of anatomical regions most affected by osteoporosis and 
one with high mortality risk. The multiscale analysis depicts the bone morphology from 
the macroscale to the microscale with the assessment of the osteocytes lacunae 
morphology and distribution. In addition, the bone quality has also been assessed using 
a multimodal approach and the trabecular mechanical properties have been assessed 
using microindentation while the mineralization and the carbonate accumulation have 
been exploited using FTIR.    
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1.  Introduction 

Bone is a dynamic tissue in which old bone is continuously resorbed and replaced 
by new bone maintaining the mineral homeostasis and the integrity of bone structure 
throughout a process called bone remodeling (Tresguerres et al. 2020). Bone 
remodeling is a multiscale process and recent works have highlighted the major role 
of osteocytes in maintaining the bone mass and volume. Osteocytes, the most 
abundant bone cells, are stocked in lacunar voids distributed throughout the entire 
bone and interconnected by canaliculi and play a role in the anabolic response to 
mechanical stimuli (Tresguerres et al. 2020; Hinton, Rackard, and Kennedy 2018). This 
osteocytes mechanism, called mechanotransduction, has been shown  to be responsible 
for the release of soluble factors that induce either bone resorption or bone formation, 
acting on the cells on the bone surface (Yavropoulou and Yovos, n.d.; van Oers, Wang, 
and Bacabac 2015). Since the osteocytes system is believed to act as a key regulator of 
skeletal homeostasis, many bone diseases were suggested to be associated with  
changes or general disorganization in the osteocytes morphology and network 
(Knothe Tate et al. 2004). Conventional microscopic 2D imaging techniques have been 
previously applied (Qiu et al. 2006; Sasaki et al. 2015; Katsamenis et al. 2013; Ashique 
et al. 2017), however presenting some uncertainty because the slicing direction may 
bias the results due to missing information about the third dimension. To overcome 
this issue, many 3D imaging modalities have been investigated (Hasegawa et al. 2018; 
Genthial et al. 2017; Kamel-ElSayed et al. 2015), among those synchrotron radiation CT 
(SR CT), which is able to provide an isotropic spatial resolution and relatively large 
field of view (7.73 to 42.8 mm3 for SR microCT, 0.26 to 1.03 mm3 for SR nanoCT, which 
is also able to acquire the canalicular system compared to the SR microCT) (B. Yu et al. 
2020; Dong et al. 2014; Carter et al. 2013). Despite the increasing interest in the 
osteocytes, data on human bone remains scarce and they are generally limited to a 
very small field of views. In addition, the available data come from a large variety of 
different imaging techniques at different spatial resolutions. Therefore, a complete 
morphological analysis of osteocytes lacunae (OL) from healthy and pathological 
bones is of great interest, since changes could be related to decreased activity in the 
bone remodeling process. Changes of lacunar shapes were observed in osteopenia, 
osteopetrosis and osteoarthritis based on imaging of one sample in human knees (van 
Hove et al. 2009). However, few studies assessed the osteocytes morphology changes 
related to osteoporosis, which represent one of the most common bone diseases (for 
the International Osteoporosis Foundation et al. 2020).  
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Osteoporosis is a systemic bone disease characterized by a reduced bone mineral 
density and thinning of both cortical and trabecular phase due to the bone resorption. 
Bone degradation due to osteoporosis usually lead to fragility fractures and the most 
affected bones are the upper limb (30.7%), the distal lower limb (15.1%) and the 
femoral neck (14.0%) (Bouyer et al. 2020). The increased susceptibility to fragility 
fractures usually accounts by reduced bone strength and quality. While both 
determinants are tightly linked to several parameters related to bone geometry, macro- 
and micro-architecture, bone mineralization, and bone remodeling, osteoporosis is 
currently diagnosed on the basis of the single measurement of bone mineral density 
(BMD) assessed by performing a dual-energy X-ray absorptiometry (DXA) acquisition 
(Soldati, Rossi, et al. 2021). BMD is considered as an index of bone mass loss and on 
that basis as a predictor of osteoporotic fracture. However, it has been acknowledged 
that bone strength depends not only on bone quantity but also on the shape and 
hierarchical structure and thus, the diagnostic value of BMD has been largely 
questioned (Soldati, Rossi, et al. 2021; G. Chang et al. 2017b). In fact, the extracellular 
matrix (ECM) of the bone is highly related to the mechanical properties of the bone 
tissue. The organic phase represents 35% of the ECM and is mainly comprised of type 
I collagen at 82% and the rest represent the non-collagenous protein (10%), lipides 
(3%), proteoglycan and the fundamental substance (5%).  Each of those component 
plays an important role in the mechanical properties of the bone tissue (D. Wu et al. 
2018). It has also been shown at the macroscale that the post-yield behavior of the bone, 
which characterizes the capacity of absorbing the energy before failure, is linked to the 
organic phase and its alteration has been associated with changes in the mechanical 
behavior, making bones more ductile or brittle (Alford, Kozloff, and Hankenson 2015). 
Concerning the mineral phase, it represents 65% of the ECM and plays an important 
role in the tissue rigidity. Gupta et al. showed that the bone elastic modulus is highly 
influenced by the amount of local mineral present at the microscale, therefore 
highlighting the link between the mineral content and the bone tissue mechanical 
properties (Gupta et al. 2005). Moreover, it is important to note that the mechanical 
behavior of bone at a macroscale is directly conditioned by the smaller scales 
(Rodriguez-Florez, Oyen, and Shefelbine 2013; Fantner et al. 2007; Poundarik et al. 
2012). In altered ECM, the mineral part of the bone will be also affected leading to 
modulations in the mechanical behavior (Alford, Kozloff, and Hankenson 2015). 
Recent studies have shown that the ECM is responsible of the mineralization process 
and influences the density of the crystal composition (Adele L. Boskey 1996). Hence, 
the multimodal analysis is of great interest since it would allow the characterization of 
the bone mechanical properties, level of mineralization, carbonate accumulation and 
collagen cross-links, providing reliable indicators of the bone material properties.  
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In clinical practice, bone geometry, and bone macro- and microarchitecture has been 
successively assessed by using MRI and X-ray techniques, i.e. qCT and HRpQCT, 
which are able to acquire bones with a pixel size of 0.18×0.18×0.6 mm3 and isotropic 
pixel sizes between 61 to 82 µm3 respectively (Ohs, Collins, and Atkins 2020). 
However, using HRpQCT the proximal femur is not acquirable due to its anatomical 
position, so that its complete microarchitecture characterization is trivial. The bone 
quality and mineralization has been also assessed using reference point indentation 
(RPI) (Gong et al. 2014). RPI is a microindentation technique which directly measures 
mechanical properties in patients in a fast, safe, feasible and minimally invasive way 
(Pérez-Sáez et al. 2017; Soldado-Folgado et al. 2020; Ovejero Crespo 2020; Diez-Perez 
et al. 2010). However, further validation of this technique is required as only few trials 
has been done clinically and more understanding of the relation of RPI and material 
properties of the bone is needed. Moreover, the in vivo microindentation measures the 
resistance of the cortical bone, neglecting the characterization of the mechanical and 
tissue properties at the trabecular level, which could provide additional information 
on the bone resistance and quality. While the characterization of neither the osteocytes 
network nor the trabecular composition and mechanical properties could not be added 
in the clinics due to its inaccessibility using clinical diagnostic tools, the corresponding 
results could provide a better understanding of the bone quality, therefore providing 
direct implications in pre-clinical research, therapeutic strategy, and eventually 
clinical practice.  

The aim of the article is to characterized the bone quality in the femoral neck, which 
represents the bone region where 14% of all the fragility fractures occurs in the elderly, 
one of the most invalidating, and with high mortality risk (4.3% in-hospital death in 
patients with mean age of 79.5 years) (Bouyer et al. 2020). In this paper, we present a 
femoral neck comparison between one osteoporotic patient diagnosed using BMD 
analysis and one aged- and gender-matched control using a multiscale and 
multimodal approach. The femoral neck morphology has been assessed using 
industrial microtomography (µCT) at 51 µm3 and comparing the results with those 
derived using SRµCT at 5 µm3 voxel size. Moreover, we explore the possibility offered 
by SR microCT (SRµCT) at 0.9 µm3 for the 3D quantification of osteocytes lacunae. 
Finally, bone trabecular quality has been assessed by performing mechanical and a 
spectroscopic characterization assays. To do so, the microindentation and the Fourier 
transform infrared spectroscopy have been carried out to assess the differences in the 
trabeculae mechanical properties, the mineralization as well as carbonate 
accumulation among several anatomical regions of the same proximal femur and 
between subjects (osteoporotic vs. control).  



Chapter 6 

 
180 

 

2.  Materials and Methods 

All procedures followed were in accordance with the ethical standards of the 
responsible committee on human experimentation of the thanatopraxy laboratory, 
University School of Medicine, Hôpital de la Timone, Marseille, France that provided 
the bodies coming from body donation and with the Helsinki Declaration of 1975, as 
revised in 2000. 

 

2.1. Sample Collection and Preparation 
Two femurs from female donors were initially scanned using conventional DXA 

(Table 6.1). They were then cut using a bandsaw along the axial direction right below 
the lesser trochanter (approximately 10 to 12 cm section proximal to the femur head) 
and then the specimen were stored at -25°C. The whole proximal femurs were kept at 
-25°C before and after performing the image acquisition while they were acquired at 
room temperature (15°C). 

 
Table 6. 1: Sample description. 

 Gender Age 
(y) 

Leg 
Pos 

Height 
(m) 

DXA (g/cm²) 
Total Neck Troch. 

Control (S8) Female 95 Right 1.63 0.939 0.932 0.883 
OsteopS (S9) Female 96 Right 1.65 0.480 0.552 0.419 

OsteopS stands for Osteoporotic sample, Neck refers to proximal femur neck and Troch. 
stands for Great Trochanter. 

 
Sample Extraction and Preparation for Microindentation Test 
Three small samples for each condition were extracted from the proximal femurs to 

characterize the mechanical properties of lamellar bone. Three regions of interest were 
cored in the great trochanter (GT), the femoral neck (FN) and in the femoral head (FH) 
using a drill press equipped with a hollow tip with an internal diameter of 10 mm and 
under constant water irrigation. The samples were harvested perpendicular to the 
coronal plane and kept frozen at -25°C until microindentation assays. Leading a total 
of 3 samples per condition (osteoporotic and control), one for each proximal femur 
region of interest. As the assays begun, the specimen had their marrow completely 
removed using a soft water jet followed by an ultrasonic bath of 5 minutes (Philippe K 
Zysset et al. 1999). The trabecular specimen was then mounted in ABS custom cuboid 
sample holders (Fig. 6.1). This sample holder allowed the grinding and the application 
of the microindentation protocol without moving the trabecular specimen. The 
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protocol used for microindentation was validated by Renault et al. (Renault et al. 2020) 
and will be briefly summarized below. The surface of each specimen was polished 
with a polishing machine ESC-200-GTL (ESCIL®, Chassieu, France) with carbide 
papers (P600, P1200, P2500) under constant water irrigation. Subsequently, finer 
polishing was performed using a diamond slurry using four different particle sizes (6, 
3, 1 and 0.25 µm), which were applied in succession. The sample was cleaned with a 
gentle waterjet and via a 2-minute ultrasonic bath between each polishing step. Prior 
to mechanical testing, the sample preparation was controlled and validated under the 
optical microscope where the bone microstructure had to appear as clear as in Fig. 6.1. 
Finally, the specimens were stored in their tubes with a solution containing calcium 
(50 mg/L) and sodium azide (0.01%) to prevent bone mineral matrix dissolving and 
avoid collagen degradation respectively (Gustafson et al. 1996). The tubes were then 
kept refrigerated at 4°C before indentation phase began. 

 
Figure 6. 1: Sample extraction and preparation. a) localization of the three different bone 

regions extracted from each proximal femur, “GT” refers to great trochanter, “FN” refers to 
femoral neck and “FH” refers to femoral head; b) trabecular sample stored in the designed 
sample holder after sample preparation protocol; c) microscopic investigation of the 
preparation protocol efficacy before microindentation essays. 

 

2.2. X-ray Microtomography  
μCT images of both the proximal femurs were acquired using Rx-Solution EasyTom 

XL ULTRA microtomograph (‘RX Solutions SAS, 3D X-Ray Tomography Systems.’, 
n.d.), with a 150 kV X-Ray Hamamatsu Tube allowing a focus spot size of 5 μm. To 
cover the whole femoral head, an isovolumetric voxel size of 0.051 mm has been 
chosen. The other parameters were, 343 mA current, 150 V voltage, 8 images/s and 
1440 projections over 360 degrees of rotation. Each projection was obtained from the 
average of 10 images to increase the signal to noise ratio. The acquisition lasted 
approximatively 40 minutes.  

 
Synchrotron radiation propagation-based phase-contrast (SRμCT) was used to 

obtain the 3D virtual reconstruction of the microstructure of examined bone volumes. 
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The center core across the whole length of femoral neck was imaged at the SYRMEP 
(SYnchrotron Radiation for  MEdical Physics) beamline of  the  Elettra synchrotron 
laboratory (Basovizza [Trieste], Italy), employing a filtered (1.5 mm Si  +1 mm Al) 
polychromatic X-ray beam delivered by a bending magnet source in transmission 
geometry and using a mean energy of 27 KeV. The detector used was a water-cooled, 
16-bit, scientific Complementary metal–oxide–semiconductor (sCMOS) macroscope 
camera (Hamamatsu C11440–22C) with a 2048×2048 pixels chip coupled with two 
GGG:Eu scintillator screen (respectively 45 and 17 µm thick) through a high numerical 
aperture optics. The effective pixel size of the detector was set at 5.0×5.0 µm² and 
0.9×0.9 μm² (obtained respectively using the scintillator of 45 and 17 µm of thickness), 
yielding a maximum field of view of about 10.2×10.2 mm² and 1.8×1.8 mm² 
respectively. The sample-to-detector (propagation) distance was set at 150 mm. A set 
of 1200 projections were recorded, with continuous sample rotation over a 180-degree 
scan angle and an exposure time per projection of 2.5 s. 

Each set of acquired raw images was processed using the SYRMEP Tomo Project 
(STP) software suite, developed in-house at Elettra (F. Brun et al. 2015) based on the 
ASTRA Toolbox (van Aarle et al. 2015), to perform the CT reconstruction employing 
the Filtered Back-Propagation algorithm using a filter (Baker et al. 2012) to reduce the 
so-called ring artefacts in the reconstructed slices. A single-distance phase retrieval 
algorithm was applied to projection images before CT reconstruction (Paganin et al. 
2002), setting a γ parameter (ratio between the real and imaginary parts of the complex 
refraction index of the material under investigation) of 50 and 20 for SRµCT images 
with a voxel size of 5 and 0.9 µm3 respectively. 

 
Image Post-Processing and Analysis 
µCT (51 µm3) and SRµCT (5 µm3) 
The total femoral neck volume acquired at 51 µm3 (Fig. 6.2b) has been first manually 

divided in two different regions of interests (ROIs), one keeping the cortical phase and 
one the trabecular phase. The binarization of both ROIs were straightforward as the 
contrast was high and the voxel size was smaller than the trabecular thickness. Based 
on binarized ROIs it has been calculated the bone mineral content (BMC), derived from 
the total bone volume present in both the cortical and the trabecular ROI and 
multiplied by the bone tissue mineral density (ρ = 1.2 g/cm3) (Laval-Jeantet et al. 
1983a; Tassani et al. 2011). Moreover, in the trabecular phase it has been calculated the 
bone volume fraction (BVF), which refers to the ratio between the bone volume and 
the total volume, the trabecular thickness (Tb.Th) and spacing (Tb.Sp), which provide 
information about the trabecular diameters and distance between two trabeculae 
respectively. In the cortical phase, it has been calculated the cortical thickness (Ct.Th) 
which refers to the thickness of the outer femoral neck shell. Tb.Th, Tb.Sp and Ct.Th 
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have been extrapolated using the distance transformation map from which it has been 
derived the aperture map using the software iMorph (iMorph_v2.0.0, AixMarseille 
University, Marseille, France) (E. Brun, Ferrero, and Vicente 2017a; E. Brun et al., n.d.). 
The aperture map provides for every pixel of the bone the diameter of the maximal 
disk totally enclosed in the bone and containing this voxel. Tb.Th and Ct.Th were then 
deduced from the mean values of the aperture map distribution. Tb.Sp was quantified 
from similar computations in the marrow phase of the trabecular ROI. The aperture 
map has been previously used for the 3D morphological evaluation of porous 
materials in different fields (E. Brun, Ferrero, and Vicente 2017a; Burghardt, Link, and 
Majumdar 2011b; Soldati, Escoffier, et al. 2020) and provides local information with a 
sub-voxel precision (E. Brun, Ferrero, and Vicente 2017a; Johansson et al. 2019). The 
central femoral neck core acquired using the SRµCT at 5 µm3 (Fig. 6.2c), in which was 
present the trabecular phase only, followed the same image analysis and using iMorph 
the same bone characteristics were retrieved. 

The bone cortical characteristics have been compared between the osteoporotic 
subject and the control using µCT images. The trabecular characteristics have been 
compared using µCT and SRµCT singularly and between acquisition techniques 
evaluating the informative contribution by reducing the voxel size by an order of 
magnitude.  

 
SRµCT (0.9 µm3) 
The stack of synchrotron images at 0.9 µm3 followed a different path. Thanks to the 

extremely high resolution the image field of view was focused on a single trabecula 
(Fig. 6.2d) and the osteocytes lacunae (OL) became assessable. To do so, the images 
were normalized to obtain the same gray level dynamics, and the same optimum 
binarization threshold, that better differentiated the bone from the OL, was selected 
manually. The thresholding effect has been evaluated by comparing the retrieved 
morphological characteristics using two other thresholds (respectively +5% and -5% 
of the best individuated threshold). A second volumetric threshold of 100 voxels (73 
µm3) was selected to identify possible small pores derived from in-homogeneities in 
the image illumination, and these misclassified regions were re-added to the solid 
phase. Once the bone volumes were correctly segmented, the bone porosity was 
measured from the bone volume and the osteocytes lacunae, vascular and canal 
network. Second, the osteocytes lacunae were individuated as those regions composed 
by a volume in range 73 to 1000 µm3 chosen in accordance to the mean and standard 
deviation of OL previously find in the literature (van Oers, Wang, and Bacabac 2015; 
Dong et al. 2014). This approach allowed us to separate the OL from the vascular and 
the canal network characterized by higher volumes (in range of thousands voxels) (Fig. 
6.2e and 6.2f) (Dong et al. 2014; Carter et al. 2013).  
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Figure 6. 2: multiscale characterization of femoral neck morphology acquired using µCT 

(51 µm3) and SRµCT (5 and 0.9 µm3). a) Proximal femur coronal plane acquired using µCT at 
51 µm3 showing the femoral neck ROI (orange rectangle) used to assess clinical standard bone 
mineral density using dual-energy X-ray absorptiometry; b) whole femoral neck acquired 
using µCT at 51 µm3; c) central core of the femoral neck trabecular phase scanned using SRµCT 
at 5 µm3; d) single trabecula acquired using SRµCT at 0.9 µm3; e) osteocytes lacunae 
distribution and f) osteocytes lacune network. 

Finally, each OL was characterized individually extrapolating its volume, surface, 
size, shape, sphericity, and fractal anisotropy) and as an interconnected network by 
evaluating their region of action. In particular, in each OL the principal axes (a, b and 
c) of the maximum inscribed ellipsoid have been calculated, and from them it has been 
characterized the OL shape by deriving the aspect ratios ( 𝑎𝑎

𝑏𝑏
, 𝑏𝑏
𝑐𝑐

, 𝑎𝑎
𝑐𝑐
𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎

(𝑏𝑏+𝑐𝑐)
 ). Then the 

surface (S) and the sphericity index (Fsph) (Benouali et al. 2005) have been derived 
respectively by the formula: 

𝑆𝑆𝑂𝑂𝑂𝑂 = 4 ∗ 𝜋𝜋 ∗ (𝑎𝑎𝑝𝑝𝑏𝑏𝑝𝑝 + 𝑎𝑎𝑝𝑝𝑐𝑐𝑝𝑝 + 𝑏𝑏𝑝𝑝𝑐𝑐𝑝𝑝)1 𝑝𝑝�     ,𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑝𝑝 = 𝑙𝑙𝑎𝑎(3)/𝑙𝑙𝑎𝑎(2)  

𝐹𝐹𝐹𝐹𝑝𝑝ℎ = 6 ∗ 𝑉𝑉𝑂𝑂𝑂𝑂 ∗ �𝜋𝜋 𝑆𝑆𝑂𝑂𝑂𝑂3� �
0.5

 

Where 𝑉𝑉𝑂𝑂𝑂𝑂 and 𝑆𝑆𝑂𝑂𝑂𝑂 are respectively the volume and the outer surface of the OL. 
Moreover, the fractal anisotropy (Özarslan, Vemuri, and Mareci 2005) which reflects 
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the axonal diameter and is an extension of the concept of eccentricity of conic sections 
in 3 dimensions, normalized to the unit range, has been calculated using the formula: 

 �3
2
∗ �(𝑎𝑎−𝜆𝜆)2+(𝑏𝑏−𝜆𝜆)2+(𝑐𝑐−𝜆𝜆)2

√𝑎𝑎2+𝑏𝑏2+𝑐𝑐2
    ,𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝜆𝜆 =  (𝑎𝑎 + 𝑏𝑏 + 𝑐𝑐)

3�  

Finally, the region of action could be considered as a 3D bone neighboring around 
the OL in which the osteocytes sense and transmit information. It is derived by 
applying the Voronoi map which calculates the minimum path between the closest OL 
and differs from the OL density because it is calculated for each OL singularly. 

 

2.3. Microindentation 
The trabecular bone of the whole set of specimens has been characterized using a 

microindentation apparatus (Tester NHT², Anton Paar ®, Switzerland and Austria) 
equipped with a sharp Berkovich diamond indenter (tip diameter: 120 nm, elastic 
modulus: 1141 GPa and Poisson’s ratio: 0.07) in a thermally controlled room at 23 °C 
and on a pneumatic antivibration table. For the indentation tests, the sample was set 
in a watertight support filled with calcium buffered saline up to the level of the 
polished surface. A total of 40 points were selected using a x20 microscopic objective 
on five different trabeculae located on the polished surface of the sample. A special 
attention was made on the placement of the points to avoid any border effect and 
therefore, indentation points were situated along the trabecular centerline. In addition, 
each indentation point has been verified at magnitude x100 to avoid any surface 
irregularities (i.e. porosity). Before each set of indentation, a calibration session test 
was made on a fused silica reference sample, the mean values obtained were 71.3±1.6 
GPa, knowing that the reference data was 72 GPa. 

The bone trabeculae were then indented using a trapezoidal loading profile (30 s: 
60 s: 30 s, max load 40 mN) as shown in Fig. 6.3 in the distal (polished) surface of each 
sample. The 60 s plateau time, higher than that found in the literature, was chosen 
from initial tests because wet tissue displays more viscous mechanical behavior. The 
sample hardness (H) and elastic modulus (Es) were calculated using the Oliver and 
Pharr method (Oliver and Pharr 1992). The hardness corresponded to the mean 
pression under the tip at maximal depth, H=Pmax/Ac, where Pmax is the maximum 
load and Ac the contact area, while the elastic modulus was calculated using the 
unloading tangent from the indent load-displacement curve (Oliver and Pharr 1992) 
derived from the equation: 

1
𝐸𝐸𝑒𝑒

=
(1 − 𝜈𝜈𝑠𝑠2)

𝐸𝐸𝑠𝑠
+

(1 − 𝜈𝜈𝑖𝑖2)
𝐸𝐸𝑖𝑖𝑖𝑖

 

where 𝐸𝐸𝑖𝑖𝑖𝑖 and 𝜈𝜈𝑖𝑖 are the known elastic modulus and Poisson’s ratio of the indenter 
and 𝐸𝐸𝑟𝑟 the reduced modulus. In this study, the Poisson’s ratio was assumed to be 0.3, 
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since the relative error, by varying the Poisson’s ratio from 0.2 to 0.4, was found to be 
less than 8% in elastic modulus (D. Wu et al. 2018; P. K. Zysset 2009).  

The mean and standard deviation for elastic moduli and the hardness, both 
expressed in GPa, were obtained for the osteoporotic subject and the control.  

 
Figure 6. 3: Trabeculae micro indentation. a) manually placed indents locations for each 

selected trabecula, b) indentation trapezoidal loading profile, c) stress-strain plot showing a 
single load–unload cycle, d) indented area and e) view of a single indent at original 
magnification x100. 

 

2.4. Infra-Red Fourier Transform  
The attenuated total reflection Fourier transform infra-red (ATR-FTIR) 

measurements were obtained using a Thermo Nicolet iS50 FTIR spectrometer (Thermo 
Fisher Scientific Co., Waltham, MA, USA) equipped with a deuterated triglycine 
sulphate (DTGS) detector. The ATR spectra were recorded using a diamond ATR 
Smart OrbitTM accessory (from Thermo Optec) in the Mid-IR spectral range 4000-527 
cm-1, averaging 64 scans for each measure and 64 scans for the background. The 
spectral resolution is 4 cm-1. For each bone sample, a small fragment was collected and 
analyzed. The fragments were first grinded in an agate mortar and the powder 
obtained was successively placed on the ATR diamond crystal. Pressure was applied 
to the powder to optimize the contact with the diamond crystal. Several replicate 
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spectra were acquired for each fragment. The spectra selected for interpretation are 
those which presented the highest signal-to-noise ratio. 

A qualitative analysis of the spectra have been conducted considering the range 527-
1800 and 2550-4000 cm-1, where the most important features connected to bones 
component are visible. In all the spectra, the phosphate features of hydroxyapatite 
(Ca10(PO4)6(OH)2) could be found at 962 cm-1 (symmetric stretching, νs), 1090 and 1010 
cm-1 (antisymmetric stretching νa), 555 and 559 cm-1 (bending mode, δ) (F. Ren, Ding, 
and Leng 2014). The carbonate group (CO32-), a common substituent in the 
hydroxyapatite molecule, lead to the bands at 870, 879 (bending mode, δ), 1409, 1444 
and 1468 cm-1 (antisymmetric stretching, ν3). An additional band of the carbonate 
group could be present at 1540 cm-1, but not diagnostic as often covered from 
contributions from other compounds (F. Z. Ren and Leng 2011). The presence of the 
organic matrix is visible from the CH and NH bands respectively at around 3000 cm-1 
and 3300 cm-1 (antisymmetric stretching, νa). Additional bands connected to the 
organic matrix respectively at 1637 (Amide I), 1550 (Amide II), and 1239 cm-1 (Amide 
III) allows identifying a proteinaceous-based compound (Paschalis 2019b; Schmidt et 
al. 2017b; Zhai et al. 2019b). Moreover, the carbonate group can replace either PO43- or 
OH- groups in hydroxyapatite. When the substitutions happen at PO43- sites, the 
compound is defined as B-type carbonated apatite (B-CAp); if the substitution is at 
OH- sites, is the A-type carbonated apatite (A-CAp) (F. Z. Ren and Leng 2011; 
Madupalli, Pavan, and Tecklenburg 2017b). A-CAp and B-CAp can be distinguished 
by FTIR spectroscopy respectively using the bands at 1546 cm-1 and 1465 cm-1. 

 

2.5. Statistical Analysis 
For the morphological parameters obtained using image processing, the Student T-

test has been calculated for each of the OL characteristics to assess whether the average 
value of the osteoporotic distribution differs significantly from the control reference 
value. Moreover, the linear regression and the coefficient of correlation (R²) has been 
calculated to evaluate the dependency of the OL characteristics and the volume of bone 
for each volume of interest (VOI) analyzed. 

Regarding the trabeculae mechanical parameters, first a normality test (Shapiro-
Wilk test) has been applied to assess if the normal distribution was respected using a 
p-value with a significance level alpha of 0.05 as a threshold. Since the Shapiro-Wilk 
test showed that the normal distribution was not respected, Kruskal-Wallis test and a 
multiple pairwise comparisons were performed using Dunn’s test with a Bonferroni 
correction in order to assess differences between ROIs (femoral head vs. femoral neck 
vs. great trochanter) while the Mann-Whitney U test has applied to assess differences 
among groups (osteoporotic vs. control). 
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3.  Results 

3.1. Multiscale Bone Morphology 
 
Macro- and microscale 
The osteoporotic and the control femoral neck region of interest is shown in Fig. 6.4. 

The image analysis conducted using µCT images at 51 µm3 in the cortical ROI showed 
a similar average cortical thickness of the cortical shell with the osteoporotic bone 
being 2% thinner than the control (0.72±0.48 mm and 0.74±0.52 mm respectively for 
the osteoporotic and the control). Moreover, the morphological analysis performed on 
the ROI which include the whole trabecular phase of the femoral neck showed higher 
differences between the two subjects with the osteoporotic subject presenting lower 
BVF (-13%) and Tb.Th (-12%) and higher Tb.Sp (+8%) compared to the control (Table 
6.2 and Fig. 6.5). The analysis on the BMC of both the cortical and the trabecular ROI 
showed similar results comparing the osteoporotic to the control for the cortical ROI 
(3% higher BMC for the osteoporotic compared to the control, respectively 1.72 vs. 1.67 
g/mm3). However, this was not the case in the trabecular ROI, where the results 
showed that the BMC was +21% higher for the control than the osteoporotic (1.41 vs. 
1.11 g/mm3). 

 
Figure 6. 4: 3D morphology of the whole femoral neck acquired using µCT at 51 µm3. 
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Figure 6. 5: 3D morphology of the osteoporotic and control femoral necks acquired using 

µCT at 51 µm3 showing the cortical and trabecular phase alone (first row) and bone thickness 
(second row). 

The morphology analysis performed in the central core of the femoral neck acquired 
using SEµCT at 5 µm showed similar results (Table 6.2 and Fig. 6.6). Although, the 
SRµCT showed mean values different than those derived from µCT images, the Tb.Th 
and the BVF acquired using SRµCT were respectively -35% and -56% lower and the 
Tb.Sp wad +17% higher than those derived from µCT, the trend between osteoporotic 
and control was comparable. In particular, the osteoporotic subject presented reduced 
Tb.Th (-5%) and BVF (-33%) and increased Tb.Sp (+28%) compared to the control. 

 

 
Figure 6. 6 : 3D morphology and trabecular thickness of the femoral neck central core 

acquired using SRµCT at 5 µm3 of both the control and the osteoporotic subject. 
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Lastly, using the SRµCT acquisition at 5 µm it was possible to assess the smallest 
trabeculae in the analyzed ROI. Specifically, evaluating the aperture map distribution 
profile of the solid phase and considering 1×106 occurrence as a threshold to assess the 
minimum trabeculae expression, the osteoporotic subject presented a minimum 
trabecular thickness 9% smaller than the minimum Tb.Th depicted by the control 
(0.052±0.005 mm vs. 0.057±0.003 mm respectively for the osteoporotic and the control). 

 
Table 6. 2: Femoral neck morphological characteristics. 

 
Whole Femoral Neck (51 µm3) Femoral Neck Core (5 µm3) 

Ct.Th 
(mm) 

Tb.Th 
(mm) 

Tb.Sp 
(mm) BVF Tb.Th  

(mm) 
Tb.Sp 
(mm) BVF min Tb.Th 

(mm) 
Control (S8) 0.74±0.52 0.21±0.10 1.03±0.51 0.158 0.13±0.06 1.10±0.29 0.079 0.057±0.003 
OsteopS (S9) 0.73±0.48 0.18±0.11 1.11±0.59 0.137 0.12±0.06 1.41±0.47 0.053 0.052±0.005 

Diff -2% -12% 8% -13% -5% 28% -33% -8% 
Data are presented as mean±SD. Ct.Th: cortical thickness; Tb.Th: trabecular thickness; 

Tb.Sp: trabecular spacing; BVF: bone volume fraction; min Tb.Th: minimum values of 
trabecular thickness.  

 
Osteocytes Lacunae Characteristics 
The image analysis conducted using SRµCT images at 0.9 µm3 allowed the 

individualization of the osteocytes embedded in the solid bone phase and in Table 6.3 
and Fig. 6.7 are reported the osteocytes lacunae morphological parameters. Firstly the 
total number of OL per bone volume has been analyzed and the results showed a 
slightly lower density (-3%) in the osteoporotic subject as compared to the control. 
However, the mean OL density showed the opposite effect with the osteoporotic 
subject presenting higher density (+3%) as compared to the control. The results of the 
Voronoi map showed that the osteoporotic subject had in general 5% lower region of 
action than the control (5.67×104 µm-3 vs. 5.96×104 µm-3). Moreover, the mean OL 
volume of the osteoporotic subject resulted 25% greater than those from the healthy 
(358.1 µm3 vs. 287.1 µm3 respectively for the osteoporotic and the control). The 
osteoporotic higher OL volume is also reflected in the principal axes (a, b and c) of the 
inscribed ellipsoid inside the OL which were 8% greater in the osteoporotic OL 
compared to the control and with 16% higher surface (225.5±13.7 µm² vs. 195.0±10.1 
µm²). However, no difference was assessed in the axes of the inscribed ellipsoid in the 
osteocytes, nor in the osteocytes shape, (the aspect ratios where the osteoporotic OL 
showed 1% greater a/b, a/c and a/(b+c) and no difference was assessed for b/c). 
Moreover, although the sphericity index and the fractal anisotropy showed no 
difference in the mean values between the osteoporotic and the control subject (0% and 
1% respectively), the control showed much higher intervariability (0.798±0.009 vs. 
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0.795±0.024 for the sphericity index respectively of the osteoporotic subject and the 
control and 0.467±0.015 vs. 0.462±0.023 for the fractal anisotropy). 

Table 6. 3: morphometric parameters of osteocytes lacunae (OL). 

Total Values OsteopS (S9) Control (S8) Diff 
Nb of Analyzed Regions 5 5 - 

Bone Volume (mm3) 0.28 0.45 - 
OL Number 4030 6649 - 

OL Volume (mm3) 0.0016 0.0023 - 
OL Density (104 mm-3) 1.44 1.49 -3% 
Lacunar Porosity (%) 0.59% 0.52% +13% 

Mean values OsteopS (S9) 
(mean±SD) 

Control (S8) 
(mean±SD) Diff 

OL Volume (µm3) 358.08±165.00 287.10±160.00 25%* 
OL Surface (µm²) 225.53±13.75 195.00±10.11 16%* 

Lacunar Density (104 mm-3) 1.60±0.33 1.56±0.16 3% 
OL Region of Action (104 µm-3) 5.7±2.7 6.0±4.0 -5% 

OL  
Principal Axes 

(µm) 

a (length) 12.13±0.46 11.18±0.57 8% 
b (width) 6.68±0.32 6.19±0.13 8%* 
c (depth) 4.40±0.13 4.09±0.12 8%* 

OL Shape  
(Ad) 

a/b 1.90±0.11 1.89±0.09 1% 
b/c 1.54±0.06 1.53±0.06 1% 
a/c 2.85±0.07 2.82±0.17 1% 

a/(b+c) 1.13±0.05 1.12±0.05 1% 
OL Sphericity (Ad) 0.80±0.01 0.79±0.02 0% 

OL Fractal Anisotropy (Ad) 0.47±0.02 0.46±0.02 1% 
Data are reported as mean ± standard deviation. “OsteopS” refers to osteoporotic subject, 

“Diff” stands for difference between the osteoporotic subject and the control, “Ad” refers to a-
dimensional. * indicates a p-value < 0.05. 
 

The Student T-test analysis between the OL characteristics of the osteoporotic 
subject and the control showed a significative difference in the mean OL volume and 
surface (p<0.01 in both cases) and in the second and third principal axes of the 
inscribed ellipsoid in the OL (p<0.05 for both b and c axes). However, no statistical 
differences were registered for region of action, density, porosity, aspect ratios, 
sphericity index and fractal anisotropy. 

To evaluate the dependency of the OL characteristics with the volume of bone, the 
correlation coefficient among each characteristic and the bone volume has been 
assessed in each VOI. The results showed an excellent correlation between the bone 
volume and the total number of individuated OL (R² = 0.97), and good correlation for 
the mean region of action (R² = 0.59), however modest to poor correlation were 
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assessed for OL volume (R² = 0.36), density (R² = 0.40), surface (R² = 0.27), sphericity 
(R² = 0.39) and fractal anisotropy (R² = 0.09) assessed in each analyzed region. 

 

 
Figure 6. 7: osteocytes lacunae characteristics. The mean values and the SD are reported for 

each investigated region where “OsteopS” refers to osteoporotic sample and regions are 
marked with “●” while “Control” refers to the healthy subject and is marked as “▲”. “OL” 
refers to Osteocytes lacunae. 

Image Pre-Processing Effect on OL Characterization 
We also investigated the possible effect of our image pre-processing. First, the pore 

regions distribution has been investigated to evaluate the classification efficacy 
between noise (pores volume <73 µm3), OL (pores between 73 and 1000 µm3) and 
vessels (pores >1000 µm3). The pore region distribution reported in Figure 6.8 showed 
that the range selected for the OL classification is coherent and allowed the separation 
between the three phases, and therefore could be used in further studies. Moreover, 
the OL image analysis described in the previous section has been performed on the 
same VOI choosing two different thresholds (+5 and -5% of the best manually 
identified threshold) and by comparing the effect of the median filter (kernel size 3×3) 
applied before performing the image analysis. The results of OL characteristics after 
the application of different thresholds showed errors in the same +5/-5% range. The 
committed maximum error in the number of individuated OL was -4% reducing the 
threshold of 5% and +4% when the threshold was increased. Similar results were 
assessed for the OL volume (-6% and +5% respectively for reduced and increased 
thresholds), surface (-4% and +4% respectively) and region of action (+6% and -5%). 
Regarding the OL shape the differences were even lower with a maximum error of 
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+2% in the principal axes and +1% in the aspect ratios, sphericity and fractal anisotropy 
for reduced thresholds of 5% and -3% in the principal axes and -1% in the aspect ratios, 
sphericity and fractal anisotropy for thresholds increased by 5%.  

 

  
Figure 6. 8: Distribution of the individuated Osteocytes lacunae (OL) in the bone solid 

phase. Red bar shows the objects smaller than 73 µm3 classified as noise and re-added to the 
solid phase and the objects bigger than 1000 µm3 classified as blood vessels. The light blue 
square indicate the objects classified as osteocytes lacunae. 

Furthermore, the binarization error concerns the voxels located at the level of the 
contours of the OL and around the optimal threshold, therefore the binarization error 
results in a positioning of the interface at ±1 voxel. To verify that healthy OL were 
statistically smaller than the osteoporotic OL, the effect of the variance of the threshold 
around the selected reference value has been investigated. Thus, the OL healthy was 
reduced by 5% resulting in an increase in the OL volumes, while this same threshold 
was increased by 5% for the osteoporotic images resulting in a decrease in the OL 
volumes. The average volumes of healthy OL remained lower than the average 
volumes of osteoporotic OL (-12%) which confirms the trend observed previously by 
using the same optimal threshold value for these 2 series of images (-25%). 

Moreover, the investigation on the effect median filter on the image analysis 
showed that the filter application have left unchanged the total number of identified 
OL (maximum error on the OL number was 1%, where 4 more OL were individuated 
after the application of the median filter compared on a total of 475 found in the same 
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non-treated VOI). Higher impact was assessed on the OL volume, where the median 
filtered stack showed higher OL volumes (+6%) compared to the original stack, and 
surface (up to +9% for the median filtered stack). Although, similar incongruences 
were assessed in the principal axes of the inscribed ellipsoid, they resulted uniformly 
distributed therefore no difference between the median filtered and the original stack 
was assessed in the OL shape (0% difference in the aspect ratios, sphericity index and 
fractal anisotropy). 

 

3.2. Trabeculae Mechanical Properties 
The microindentation assays allowed the characterization of the mechanical 

properties of the lamellar bone at the micro scale. The first parameter analyzed, was 
the trabecular elastic modulus. The results presented in Fig. 6.9 showed that the FH of 
the control had the highest mean values, significantly different from the other two 
regions, 62 % higher compared to GT and 47% higher than FN (7.4±2.5 GPa vs. 2.8±1.3 
GPa and 3.9±1.2 GPa, p<0.0001, respectively for the Es of FH, GT and FN). 
Interestingly, the GT showed the lowest Es mean value, moreover being significantly 
different (p<0.001) compared to the Es in the FN area. However, in the OsteopS group, 
only the GT showed an Es significantly different compared to the others with a mean 
value of 2.0±0.6 GPa vs. 3.9±1.3 GPa and 3.5±1.4 GPa for FH and FN respectively 
(p<0.0001). Those results showed that the GT region obtained the lowest Es for both 
the osteoporotic subject and the sample, moreover being significantly different to the 
other ROIs. In addition, the intergroup differences has been assessed by comparing 
the Es discrepancies in the same region of the two subjects. The FH and the GT of the 
control showed significantly higher elastic modulus compared to those derived from 
the osteoporotic subject (the mean Es were 48% higher in the FH (p<0.0001) and 29% 
higher in the GT(p<0.01)). Surprisingly, no statistical differences (p>0.05) have been 
assessed in the FN between the two groups. 

The hardness was second parameter investigated. The results presented in Fig. 6.9 
showed that the control FH hardness was statistically higher (p<0.0001) that the 
hardness of both the GT (+32%) and the FN (+36%) (hardness equal to 0.402±0.122 GPa 
in the FH, 0.274±0.175 GPa in the GT, and 0.258±0.070 GPa in the FN), while no 
statistical differences were assessed between GT and FN. For the Osteoporotic subject, 
the only difference assessed was between FH and GT with a mean value of 0.266±0.099 
GPa vs. 0.215±0.059 GPa for FH and GT respectively, (p<0.01). Moreover, analyzing 
the intergroup differences, the pattern of distinctions was similar to the one observed 
for elastic modulus.  Indeed, intergroup differences were assessed in the FH and GT 
while no differences were obtained in the FN. The hardness mean values obtained in 
the control FH were 34% higher compared to those from the Osteoporotic (p<0.0001), 
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while in the GT the control showed 22% greater hardness (p<0.05) compared to the 
osteoporotic subject.  

 
Figure 6. 9: Whisker plot of elastic modulus (Es) (a) and hardness (H) (b) obtained using 

microindentation on trabecular bone specimens. (a) Representation of intra-group variation of 
elastic modulus. On the left are presented the differences between the three ROIs in the control 
subject and on the right the differences for the osteoporotic subject. (b) Representation of intra-
group variation of hardness. On the left are presented the differences between the three ROIs 
in the control subject and on the right the differences for the osteoporotic subject. * represent 
the variability between different region of the same group (intra-group) *p < 0.05, **p < 0.01 
and **** p < 0.0001. † represent the variability between same regions of different group (inter-
group) †p < 0.05, ††p < 0.01 and †††† p < 0.0001. 
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3.3. ATR-FTIR Results 
The ATR-FT-IR spectra of the bones fragment are reported in Figure 6.10. Although 

a slight shift is observed in the main band of phosphates (1010 cm-1), no significant 
variations were visible concerning the band position of the phosphate functional 
groups (962, 1010, 1090 cm-1) among the spectra. Moreover, no changes were visible 
also about the bands of Amide I (1637 cm-1) and Amide III (1239 cm-1)  organic-based 
compounds. Some considerations, however, could be made in the region of the of the 
carbonate group, namely 1300-1600 cm-1 (Fig. 6.11). In the spectra recorded in this 
study, the signal at 1540 cm-1 could indicate the presence of type A, but there was an 
evident difficulty to attribute it as it overlapped with the Amide II band at about 1550 
cm-1. Only in the FN of the osteoporotic subject a well-defined peaks at 1540,1570, and 
1576 cm-1 were observed. Regarding the presence of type B, a shoulder was visible at 
1465 cm-1, which might indicate the presence of the compound in the spectra. 
However, the shoulder signal emerged best only in sample osteoporotic FN. 

The band at 1408 and 1444 cm-1 are also attributed to the carbonate group. Still, they 
were not fully helpful in discriminating between type A and B. Concerning the control 
subject both in the FH and FN, a shoulder is visible at 1503 cm-1, however not 
attributed. 

 

 
Figure 6. 10: ATR-FTIR spectra of the whole set of subjects and subregions. “OsteopS” refers 

to osteoporotic sample (S08); “Healthy Ref” refers to a refence sample of a healthy 61 years old 
male; “FH” refers to femoral head, “FN” refers to femoral neck; “GT” refers to great trochanter. 
(b) focus in the carbonated group region (1300-1600 cm-1). 
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 Figure 6. 11: ATR-FTIR spectra focus in the carbonated group region (1300-1600 cm-1). 
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4.  Discussion 

The multiscale investigation of two femoral necks, one osteoporotic and one healthy 
subject, is of great interest for a reliable assessment of the bone quality from the 
macroscale to the microscale with the assessment of bone microarchitecture, trabecular 
mechanical properties and tissue composition, and osteocytes lacunae 
characterization. The Microindentation and the FTIR came to an additional support 
respectively assessing the differences in the trabeculae mechanical properties, and 
trabecular Hydroxyapatite composition between different proximal femur regions of 
the same sample and among different subjects by comparing one osteoporotic femur 
to one gender- and aged-matched control.  

In the present study we addressed the issue related to bone composition and 
structure using a multiscale and multimodal approach. This approach allowed the 
acquisition and the analysis of femoral neck cortical and trabecular phase, the 
investigation of osteocytes lacunae morphology and organization, the assessment of 
the local quantitative mechanical properties of the trabeculae and the qualitative 
characterization of the bone composition and mineralization. Moreover, it provides 
the comparison of the corresponding results between one osteoporotic subject and one 
gender- and aged-matched control. 

The analysis conducted using µCT images acquired at 51 µm3 showed no difference 
in the cortical thickness and BMC between the osteoporotic and the control, however 
reporting differences in both the morphology and BMC in the trabecular phase. Similar 
bone morphology was assessed by Tjong et al. on a study conducted on 17 cadaveric 
radii scanned using µCT at 18 µm3 (Tjong et al. 2012b). In their study, they reported a 
mean Ct.Th of 0.59±0.19 mm, Tb.Th of 0.17±0.01 mm and Tb.Sp of 0.75±0.15 mm, where 
the differences for both Ct.Th and Tb.Sp could be explained by the different anatomical 
site. Moreover, in a study conducted on 34 femoral neck (11 affected by rheumatoid 
arthritis, 15 affected by osteoarthritis and 8 controls), harvested during total hip 
replacement and scanned using µCT at 19 µm3, Wang et al. reported that 
morphological parameters (Ct.Th = 0.64±0.2 mm, Tb.Th = 0.18±0.03 mm, BVF = 
0.15±0.09 and Tb.Sp = 0.93±0.32 mm) in the same range of those reported in this study 
(B. Wang et al. 2016). However, Wang et al. reported that the patients showed greater 
Tb.Th and BVF and reduced Tb.Sp compared to controls (B. Wang et al. 2016). This 
opposite effect could be explained by the different bone disease (rheumatoid arthritis 
and osteoarthritis vs. osteoporosis in our case). This hypothesis was further supported 
by Li et al., where on a study conducted on 60 postmenopausal women (30 affected by 
osteoarthritis and 30 affected by osteoporosis) scanned in the femoral head using µCT 
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at 36 µm3, reported that osteoporotic patients showed reduced BVF, trabecular 
thinning and increased Tb.Sp (Z.-C. Li et al. 2012). 

 
Focusing in the central core of the femoral neck using SRµCT at 5 µm3 the trabecular 

morphology provided lower Tb.Th and BVF and higher Tb.Sp than those previously 
reported at using µCT images at 51 µm3. Although, those results were expected as the 
femoral neck is a highly in-homogeneous bone region with the solid phase 
progressively reducing its volume as approaching the central core, it was not expected 
to individuate greater discrepancies between the osteoporotic bone morphology and 
the control than those derived from the whole femoral necks. This result may suggest 
that the bone remodeling is not uniform and that works at different rate at different 
regions. Juan et al. on a study conducted on 5 different anatomic regions of both distal 
femurs of 10 postmenopausal women scanned using HRpQCT with an isotropic voxel 
size of 82 µm3, reported significant regional variation in the trabecular architecture 
(0.001<p<0.05) with differences up to 106% between lowest (central) and highest 
(medial and posterior) regions (Juan Du et al. 2019). Local differences in the trabecular 
bone architecture were also been assessed in different anatomical sites, as for the 
calcaneus (Souzanchi et al. 2012), the glenoid (Jun et al. 2017) and the proximal femur 
(Issever et al. 2002) but not extensively investigated in the femoral neck, which is an 
osteoporotic fracture site and one of the most invalidating (van Oostwaard 2018). One 
could suggest that reducing the voxel size would allow a better characterization of the 
thinnest solid structures, however our results suggest that the bone morphology was 
already correctly characterized at 51 µm3. In addition, using the µCT acquisition at 51 
µm3 it was possible to visualize the whole proximal femur in approximately 40 
minutes therefore providing a more complete overview of the bone quality also 
allowing the characterization of both the cortical and the trabecular phase. SRµCT 
images at 5 µm3 allowed the characterization of the smallest trabeculae present in the 
central femoral core reporting a minimum trabecular thickness of 50 µm and therefore 
suggesting that the bone morphology would be completely resolved using a voxel size 
in range 15-25 µm3. These voxel dimensions would completely resolve both cortical 
and trabecular phase of the whole proximal femur in 2 to 3 acquisitions. In fact, using 
a voxel size of 25 µm3 or 15 µm3 the field of view would be respectively of 5.1 cm3 and 
3.1 cm3 which would allow the acquisition of the great trochanter, the femoral neck 
and head in respectively 2 or 3 scans. 

Reducing the voxel size from 5 to 0.9 µm3 has the great advantage that the osteocytes 
lacunae became visible and characterizable since each OL had at least 152 voxels totally 
included in its volume (vs. 27 voxels using 5 µm3 SRµCT images). In this study, OL 
differences have been assessed between the osteoporotic and the control in the volume, 
and the same result was also reflected in the OL surface and total solid phase porosity, 
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however no differences in the OL shape, sphericity and fractal anisotropy. Moreover, 
no statistical difference was assessed considering the OL as an interconnected network 
since OL region of action and density between the osteoporotic and the control were 
in the same range. Previous studies have investigated OL morphology in the cortical 
phase of femoral diaphysis (Carter et al. 2013; Dong et al. 2014; B. Yu et al. 2020), 
proximal tibiae (van Hove et al. 2009) and iliac crest (Qiu et al. 2006), however few 
studies have assessed the OL morphology in the trabecular bone phase. In a study 
conducted on the femoral diaphysis of 7 human cadavers (female, aging 75±15 years 
old) scanned SRnanoCT at 120 nm3, Peyrin et al. reported a mean OL volume and 
surface of   315.6±51.7 µm3 and 326.0±50.0 µm² respectively (B. Yu et al. 2020). 
Moreover, the principal axes of the inscribed ellipsoid were a = 16.7±1., b = 7.9±1.0 and 
c = 4.6±0.7 µm. They also reported a OL lacunae density of   3.2±1.2 x104 mm-3 (vs. 
1.60±0.33 and 1.56±0.16 x104 mm-3 respectively for the osteoporotic and the control 
subject) and average volume of each Voronoi cell or region of action of 2.6±0.6 x104 
µm-3 (vs. 5.7±2.7 and 6.0±4.0 x104 µm-3 in our case respectively for the osteoporotic and 
the control subject). The differences in the region of action, which were almost the 
double in our case, could be explained by the different bone region (cortical femoral 
diaphysis vs trabecular femoral neck). Similar results were reported by Dong et al. on 
a study conducted on 13 cortical specimens from the femoral mid-diaphysis of two 
female donors scanned using SRµCT at 1.4 µm3, the mean volume and surface were in 
range 409.5±149.7 μm3 and 336.2±94.5 μm² respectively (Dong et al. 2014). Moreover, 
they reported the average dimensions were of 18.9±4.9 μm in length, 9.2±2.1 μm in 
width and 4.8±1.1 μm in depth. In another study conducted on proximal tibial 
trabecular specimens extracted from 3 middle-aged women respectively affected by 
osteoarthritis, osteopenia due to rheumatoid arthritis and osteopetrosis and scanned 
using high-resolution nano-CT system at 580 nm3, Van Hove et al. reported differences 
in OL shape between different pathologies with the osteopenic subject presenting 
relatively large and round OL (van Hove et al. 2009). Moreover, they suggested that 
the differences in 3D morphology of osteocytes and their lacunae in long bones of 
different pathologies with different BMD might reflect an adaptation to matrix strain 
due to different external loading conditions. In our case, although the osteoporotic and 
the control had different BMD, no difference in the OL shape was assessed, which 
might be due to the fact that both subject aged more than 90 years old and therefore 
one could suggest a reduced mobility of both cases. To further support this hypothesis, 
Van Oers et al. reported that osteocytes resulted aligned to collagen fibers which are 
affected by loading mode, moreover suggesting that variation in the lacunar and 
osteocytes shape undoubtedly effects the osteocytic mechanosensation and 
subsequent control of bone remodeling (van Oers, Wang, and Bacabac 2015). 
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The investigation of the pre-processing steps was necessary to evaluate the 
robustness of our analysis since the stack of images have been segmented using a 
threshold manually selected and the investigation was focusing on very small objects 
that could have been lost during the pre-processing. The analysis conducted applying 
two different thresholds (+5 and -5%) from the best manually individuated, 
demonstrated that the committed errors were small and the OL characteristics were 
comparable (maximum committed error in OL shape was in range +3 and -3%, 
therefore proving the robustness of our approach and the high image quality. 
Moreover, the application of the median filter showed that the OL volume uniformly 
increased by 6% compared to the original one, while no difference was assessed in the 
OL shape, sphericity nor fractal anisotropy. The median filter is usually applied to 
reduce the “salt and pepper” noise and it has been showed previously that median 
pre-filtering improves the thresholding performance while preserving the edges 
(Bovik, Huang, and Munson 1987).  

Mechanical loading is an essential stimulus for skeletal tissues. Osteocytes are 
primarily responsible for sensing mechanical stimuli in bone and for orchestrating 
subsequent responses. This is critical for maintaining homeostasis, and responding to 
injury/disease (Hinton, Rackard, and Kennedy 2018). Therefore, microindentation 
assays were conducted to quantify the mechanical properties at the micro scale in the 
three different proximal femur regions allowing the overall characterization of the 
mechanical properties in the whole femur epiphysis in both the osteoporotic and the 
control subjects. The microindentation results showed statistical differences in the 
trabeculae elastic modulus and hardness depending from both their proximal femur 
anatomical location and bone health state. the FH showed greater Es and H compared 
to the other two bone regions investigated, moreover, showing a statistical difference 
between the bone health state. Although reporting the lowest Es and H, the GT showed 
similar results, this was not the case for the FN in which no differences was assessed 
between healthy and osteoporotic.  

Surprisingly, to the best of our knowledge, trabecular data on osteoporotic bone at 
the femoral neck could not be found in the literature and only few studies have been 
found investigating the trabeculae mechanical properties in this regions (Philippe K 
Zysset et al. 1999; Hengsberger, Kulik, and Zysset 2002; Hoffler et al. 2000). 
Hengsberger et al., on a nanoindentation study using different maximum loadings 
(0.2, 0.4, 1 and 2 mN) conducted on the femoral neck of an 86 years old woman free of 
evident bone diseases reported greater Es and H (respectively comprised between 
7.4±0.45 GPa to 18.5±4.9 GPa and between 0.29±0.13 GPa to 0.95±0.44 GPa) 
(Hengsberger, Kulik, and Zysset 2002). However, the reported wide range was due to 
the several tested loading conditions which were found to be a significant factor for 
both parameters. In fact, as the elastic modulus and hardness decreased with the 



Chapter 6 

 
202 

 

increasing of the loading, the data with the highest loading condition, closer to our 
indentation protocol, was selected and the Es range was reduced from 10 GPa to 14 
GPa. Similar Es values were also reported by Hoffler et al. on a study conducted on 10 
FN trabeculae (male between 40 and 85 years old) in which a mean Es of at 8.57±1.2 
GPa and H of 0.37±0.05 GPa were assessed, however differences could be explained 
by the harvesting of the anatomical site which were closer to the cortical bone than in 
our case (Hoffler et al. 2000). Slightly greater values were also reported by Zysset et al. 
on a study conducted on the FN trabeculae of 4 males and 4 females (75±12 years old) 
with no previous history of fractures nor osteosarcoma using nanoindentation (Es = 
11.4±5.6 GPa and average H ranging from 0.234 to 0.760 GPa) (Philippe K Zysset et al. 
1999). Finally KoKot et al. and Pawlikowski et al., on a study conducted respectively 
on 8 healthy FH (fame and female, 60+ years old) and 25 FH (male and female, 67±9 
years old) affected by osteoarthritis, and both using comparable microindentation 
protocol (trapezoidal loading profile, maximum loading = 500 mN, loading rate = 500 
mN/min, holding time = 20 sec) reported similar Es and H (Kokot et al. 2018; 
Pawlikowski et al. 2017). In particular, the Es and H reported were respectively 8.1±1.4 
GPa and between 0.30 and 0.50 GPa (Kokot et al. 2018) vs. 7.4±2.5 GPa and 0.40±0.12 
GPa in our case for the healthy subject and 4.8±1.1 GPa and 0.11±0.02 GPa 
(Pawlikowski et al. 2017) vs. 3.9±1.3 GPa and 0.27±0.05 GPa in our case for bones 
characterized by an altered remodeling process (osteoarthritis vs. osteoporosis). These 
results further support that elastic modulus and hardness are distinct parameters, as 
elastic modulus characterized rate-independent reversible material behavior and 
hardness explain resistance to plastic deformation as previously suggested 
(Rodriguez-Florez, Oyen, and Shefelbine 2013; Hoffler et al. 2000). The general slightly 
lower values obtained in our study could be explained by differences in the 
preparation protocol (embedded in exothermic resin (Philippe K Zysset et al. 1999; 
Hoffler et al. 2000) vs. stored in a optimized support in our case) and/or indentation 
protocol (different maximum loading (Hengsberger, Kulik, and Zysset 2002; Kokot et 
al. 2018; Pawlikowski et al. 2017), holding time of the maximum load (Kokot et al. 2018; 
Pawlikowski et al. 2017)). Supporting this hypothesis in the review article by Wu et al. 
has been reported a wide range of bone elastic modulus (1.3 GPa and 22.3 GPa) (D. 
Wu et al. 2018), moreover stating that this effect was due to different scale of analysis 
(micro, sub-micro and nano scale), different sample preparation (dry vs. wet) 
(Hengsberger, Kulik, and Zysset 2002), anatomical site and localization (Fratzl-Zelman 
et al. 2009), and orientation of the indentation (Dall’Ara et al. 2013). The patient age 
could also be a relevant factor which could have led to an already altered ECM in both 
the healthy and the osteoporotic sample by excessive bone remodeling process due to 
subjects reduced mobility and therefore to a reduced bone stress profile. Milovanovic 
et al. on a study conducted on 8 healthy FN specimens from female donors (5 young 
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aged 32±5 yrs, and 3 elderly aged 88±6 yrs) using nanoindentation, supported this 
hypothesis reporting that the bone trabeculae of elderly women expressed less elastic 
behavior (1.28±0.16 GPa in the young vs. 1.97±0.52 GPa in the elderly) at the material 
level, which makes them more vulnerable to unusual impact loads originating from a 
fall (Milovanovic et al. 2012). Therefore, we decided to repeat this microindentation 
assay on a sample harvested on a younger FN (61 years old) and the mean values 
obtained for elastic modulus were 7.6±0.6 GPa and the hardness was 0.36±0.05 GPa 
which was in the same range found in previous studies (Hengsberger, Kulik, and 
Zysset 2002; Hoffler et al. 2000; Kokot et al. 2018). For these reasons, knowing that 
mechanical parameters are correlated to ECM, composed by collagen, mineral and 
non-collagenous proteins and since no differences have been derived in the FN 
mechanical properties, one could suggest that the healthy and osteoporotic FN tissues 
were in the same bone remodeling state. Moreover, no differences in the OL 
characteristics have been assessed between the two types of tissue and the obtained 
mechanical properties were closer to those derived from osteoarthritis patients rather 
than from healthy subjects. However, differences in mechanical properties have been 
assessed in both FH and GT depending on the bone health state with healthy samples 
providing higher H and Es. Therefore, one could suggest that healthy FN was already 
impacted by an intensive bone remodeling process and hence FN could be the first 
proximal femur region impacted by osteoporosis. Overall, the results showed that 
bone remodeling is a non-uniform process that evolves at different rate depending on 
the bone anatomical region. An extensive investigation of the OL characteristics in 
both FH and GT regions, could validate this hypothesis and reinforce the link between 
osteocyte network and bone quality. 

The qualitative ATR-FTIR analysis aimed to assess trabecular mineral 
differences between the osteoporotic and the control. However, in this study, the 
spectra at 1540 cm-1 indicating the presence of A-type carbonated apatite was not 
possible due to band overlapping with the Amide II band. The band overlapping 
represents a well-known difficulty in peak attribution (F. Ren, Ding, and Leng 2014) 
which hamper the recognition of the presence of A-type apatite. Moreover, the well-
defined peaks at 1540, 1570 and 1576 cm-1 found for the osteoporotic FN could not be 
attributed to A-type carbonated apatite as other compound absorb at these 
wavelength, i.e. degradation products derived from the interaction of calcium and 
fatty materials (calcium carboxylates). Furthermore, Madupalli et al. on a study 
conducted on synthesized apatites showed that the 1408 cm-1 band associated to type 
B carbonated apatite had la lower intensity than 1465 cm-1 (Madupalli, Pavan, and 
Tecklenburg 2017b), while in our case was higher. Finally, Figueiredo et al. on a study 
conducted on cadaveric femur of a 39 yrs male assigned the bands 1410/1445 cm-1 to 
the B-type apatite (Figueiredo et al. 2010) which were similar to those derived in this 
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study. The qualitative ATR-FTIR analysis showed that all spectra appeared similar 
with no possibilities to differentiate among the different proximal femur anatomical 
subregions (FH, FN and GT) nor depending on the health bone state (healthy vs. 
osteoporotic), suggesting a comparable chemical composition.   

Some limitation have to be acknowledged, first the use of only two samples and 
second the synchrotron images focusing only in the FN of the two scanned proximal 
femurs. The synchrotron beamtime allowed us to fully explore and characterize only 
one bone region, therefore we decided to investigate the proximal femur region more 
exposed to fractures (Bouyer et al. 2020). Moreover, the two femurs have been 
accurately selected in order to have very different DXA-BMD while being extremely 
alike (gender-, age- and heigh-matched). Although, no differences in the OL shape 
have been assessed in the femoral neck, as a future perspective we may suggest that it 
would be interesting to evaluate the OL characteristics also in the great trochanter and 
the femoral head. In the femoral neck, the differences in the bone mineralized phase 
suggested by microindentation could be investigated at the molecular scale, as for the 
hydroxyapatite structure, organization and composition. 

 

5.  Conclusion  

In this study, it has been characterized the bone quality in the femoral neck using a 
multiscale and multimodal approach of one osteoporotic and one gender- and age-
matched control. This approach allowed the investigation of the bone quality from the 
macro scale assessing the whole proximal femur region, to the microscale with the 
assessment of the OL morphology and organization, and the trabeculae tissue 
properties, to the molecular scale with the investigation of the mineralization and 
carbonate accumulation. Our results suggested that small differences could be 
associated to osteoporosis in the cortical bone phase while the trabecular network 
resulted more impacted. Moreover, the analysis conducted at the microscale showed 
that while differences in the trabeculae mechanical properties were assessed between 
osteoporotic and healthy subject in both FN and GT, no differences in both the 
mechanical properties and OL shape and organization in the FN. This result suggested 
that healthy FN was already impacted by an intensive bone remodeling process and 
hence FN could be the first proximal femur region impacted by osteoporosis. Finally, 
no differences were assessed between spectra showing comparable chemical 
composition between subregions and regardless of bone health state. 
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Conclusion of the Chapter 

In this chapter it has been show that osteoporosis could have a different impact in 
different proximal femur subregions. In particular from the microindetation essays it 
has been shown that FN subregion resulted the first region with an increase bone 
remodeling activity and therefore the subregion first affected by osteoporosis. Finally, 
the ATR-FTIR qualitative analysis of the spectra have suggested a comparable 
chemical composition between subregions and regardless of bone health state. 

 
Interestingly would have been to compare the bone properties and the osteocytes 

lacunae characteristics of the osteoporotic and the control cortical phase together with 
the same properties derived from the trabeculae. However, while microindentation 
and FTIR in the cortical phase are planned for the following months, the granted shifts 
for the beamtime at ELETTRA synchrotron, where designed to assess only the 
trabecular phase leaving small extra time. Fortunately, in this extra time we managed 
to assess the cortical phase of the osteoporotic subject, which therefore has been 
acquired at both 5 and 0.9 µm3. The SRµCT image analysis of images acquired at 5 µm3 
reported a cortical thickness of the upper part on the femoral neck of 0.65±0.22 mm 
which was in the same range of the Ct.Th derived from the whole femoral neck 
analysis at 51 µm3. Moreover, the trabecular phase in proximity to the cortical shell 
confirmed the high inhomogeneities of the trabeculae depending from their position 
in the bone anatomy. In particular, as reported in Table 6.4 the trabecular phase close 
to the cortical shell compared to the trabecular phase of the central femoral core 
showed reduced Tb.Sp (-30%) and increased BVF (+133%) and Tb.Th (+27%).  

The image analysis conducted on the cortical osteocytes lacunae acquired at 0.9 µm3 
showed some differences with those derived from the trabecular phase. The cortical 
phase (Fig. 6.12), compared to the trabecular one, showed lower total OL density (-
20%), total lacunar porosity (-8%) and mean region of action (-6%). Moreover, while 
the cortical OL showed smaller mean volume and surface (-10% and -9% respectively), 
no statistical difference was assessed. Finally, while no difference has been assessed in 
the shape of OL embedded in the trabeculae between the osteoporotic and the healthy 
subject, small differences (up to 10%) were assessed in the OL principal axes  and shape 
(up to -7% for b/c ratio) between cortical and trabecular phase. However, these 
differences were never statistically significant.  
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Table 6. 4: morphometric parameters of osteocytes lacunae (OL) of the trabecular and 
cortical phase of the osteoporotic subject.  

Total Values OsteopS (S08) 
Trabecular phase 

OsteopS (S08)  
Cortical phase Diff 

Nb of Analyzed Regions 5 4 - 
Bone Volume (mm3) 0.28 1.45 - 

OL Number 4030 25431 - 
OL Volume (mm3) 0.0016 0.0092 - 

OL Density (104 mm-3) 1.44 1.80 -20% 
Lacunar Porosity (%) 0.52% 0.64% -8% 

Mean values Trabecular phase 
(mean±SD) 

Cortical phase 
(mean±SD) Diff 

OL Volume (µm3) 358.08±165.00 320.73±149.60 -10% 
OL Surface (µm²) 225.53±13.75 205.83±26.70 -9% 

Lacunar Density (104 mm-3) 1.60±0.33 1.85±0.29 -13% 
OL Region of Action (104 µm-3) 5.7±2.7 5.3±2.6 -6% 

OL  
Principal Axes 

(µm) 

a (length) 12.13±0.46 12.23±0.94 7%* 
b (width) 6.68±0.32 6.89±0.56 3% 
c (depth) 4.40±0.13 4.85±0.37 10% 

OL Shape  
(Ad) 

a/b 1.90±0.11 1.98±0.11 4% 
b/c 1.54±0.06 1.43±0.07 -7% 
a/c 2.85±0.07 2.76±0.23 -3% 

a/(b+c) 1.13±0.05 1.14±0.07 1% 
OL Sphericity (Ad) 0.80±0.01 0.82±0.03 2% 

OL Fractal Anisotropy (Ad) 0.47±0.02 0.46±0.03 -1% 
Data are reported as mean ± standard deviation. “OsteopS” refers to osteoporotic subject, 

“Diff” stands for difference between the osteoporotic subject and the control, “Ad” refers to a-
dimensional. * indicates a p-value < 0.05. 

 
Figure 6. 12: SRµCT at 0.9 µm3 of the cortical phase of the femoral neck. a) Cortical 

morphology with embedded colored osteocytes lacunae (OL), b) OL distribution, c)  OL 
network and d) OL aperture map. 
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In the next chapter it is reported a multiscale and multimodal study conducted on 
small specimens (great trochanter, femoral neck and femoral head) extracted from five 
proximal femurs (from Sample01 to Sample05). The extracted samples were first 
scanned using µCT at 25 µm3 to fully resolve the trabecular morphology and then the 
hydroxyapatite molecular composition have been investigated by performing X-ray 
absorption spectroscopy of the Calcium K-edge. This technique allowed the 
characterization of the Calcium to Phosphorous ratio and to retrieve qualitative 
information of the Hydroxyapatite crystal so that changes to the HA crystallinity have 
been investigated.
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1.  Introduction 

Osteoporosis is a bone disease characterized by an increased susceptibility to 
fractures mainly accounted by a reduced bone strength and quality associated to an 
altered bone mineralization (Gong et al. 2014). It is well accepted that bone remarkable 
mechanical properties are due to its complex hierarchical structure covering several 
length scales from the molecular level of collagen to the organ level (Fratzl and Gupta 
2007). Bone extracellular matrix is made up of an organic matrix containing a collagen 
framework reinforced with mineral particles. Bone hydroxyapatite (HA) crystals 
precipitate and grow in intrafibrillar gap regions and at later stages also in extra-
fibrillar spaces (Alexander et al. 2012). The crystals within the fibrils grow with the c-
axis parallel to the collagen molecule and this phenomenon is named 
biomineralization (BM). BM is a process that takes place continuously in the whole life 
span, since bone has regenerative abilities that enable the self-repair and regeneration 
of fractures (Murshed 2018). However, there are pathological situations such as 
osteoporosis (proven to affects the whole bone with a dysfunctional remodeling 
function) in which BM is impaired and the bone loss extent is too important for a 
complete regeneration to occur, hence resulting in disrupted bone microarchitecture 
at both cortical and trabecular level (Soldati, Rossi, et al. 2021).  

The fracture risk assessment up to now is based as a function of bone mineral 
density (BMD) calculated in the clinics using dual energy X-ray absorptiometry (DXA). 
However, this qualitative parameter derived from a 2D projection of the bone solid 
phase is sensed to misclassification (up to 30%) (Nayak et al. 2015a; Humadi, 
Alhadithi, and Alkudiari 2010a). The misdiagnose of osteoporosis could have a double 
impact, first false positives receive mistreatments responsible to fragilize bone 
increasing the resistance at the expense of the ductility, moreover false negatives are 
left without important treatments responsible to reduce the occurrence of fragility 
fractures (Odén et al. 2015). These double effect is responsible to increase both the 
patient hospitalization and the mortality risk (Odén et al. 2015; Burge et al. 2007). 
Therefore an increase on the osteoporosis diagnose is of utmost importance since 
would increase the quality of life of 158 million individuals worldwide at high fracture 
risk which could benefit from an early diagnosis and would prevent fragility fractures 
to occur (Sözen, Özışık, and Başaran, n.d.; Marcellusi et al. 2020; ‘Epidemiology of 
Osteoporosis and Fragility Fractures | International Osteoporosis Foundation’ n.d.). 
One possible strategy could be to increase the knowledge of osteoporosis 
responsibilities on bones degradation which could be obtained by comparing healthy 
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and osteoporotic bones with a multiscale and multimodal approach. This approach 
should take into consideration not only the bone density and morphology but also 
investigating the changes related to osteoporosis at nano and molecular scale. The 
overall collected information, could provide new insights of the osteoporosis effect on 
bones which could be eventually be added in the clinics, providing new investigative 
tools which would help clinicians in decision taking. 

 Calcium is a crucial element for bones and is an integral component of HA crystals 
of the extracellular mineralized matrix. Information related to both formation and 
evolution of the extracellular Ca-phosphates and polyphosphates compounds in the 
process of HA formation and deposition are still incomplete (Molino et al. 2019; 
Sindhupakorn and Kidkhunthod 2021). Moreover, bones are characterized by different 
types of HA crystals mainly due to the carbonate content whose range is about 2–8 
wt.%1 (Landi et al. 2003b; F. Z. Ren and Leng 2011), in addition it has been previously 
showed the age dependency of HA types (Rey 1991). Within the HA structure, the 
carbonate group can substitute both the hydroxyl and the phosphate ions, giving rise 
to the A or B-type carbonation, respectively. A higher value of the A/B ratio has been 
observed in old tissues as compared to young ones (Landi et al. 2003b) thereby 
underlying the paramount importance of HA for our understanding of the BM 
process. One of the most promising approach in studying the BM process is the 
Synchrotron-based X-ray absorption near edge structure (XANES) spectroscopy at the 
HA central atom, the Calcium K-edge, which has been widely used to characterize 
apatite calcium phosphates or calcium carbonates (Politi et al. 2006; Monico et al. 2020; 
Hesse et al. 2016). The K-edge spectroscopy is a spectroscopic technique used to study 
the electronic structures of transition metal atoms and complexes. This method 
measures X-ray absorption caused by the excitation of a 1s electron to valence bound 
states localized on the metal, which creates a characteristic absorption peak called the 
K-edge. It has been suggested that this technique might be beneficial to gain further 
insights into tissue maturation processes and to assess the impact of bone diseases at 
mineral-level (Sindhupakorn and Kidkhunthod 2021; Zhai et al. 2019a). Clarifying the 
BM mechanism is necessary for a deeper understanding of the re-generation as well as 
the de-generation of bone, despite the fact that the obtainable information would be 
partial since whole bones are acquirable due to their volume.  

The aim of this study is to qualitatively characterize the HA crystallinity in the 
trabecular network of the proximal femur taking advantage of the X-ray absorption 
spectroscopy of the Ca K-edges at micrometric scale and to evaluate the bone 
characteristics that better predict the fracture risk assessment due to osteoporosis. To 
evaluate the mechanism of osteoporotic fracture, numerous studies with different 
research methods have been carried out. Most of these studies were based on 
histomorphological and mechanical testing of bone specimens (D. Guenoun et al. 
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2020a; Nazarian et al. 2007; Katz and Yosibash 2020) whereas very few studies have 
assayed the molecular levels (Monico et al. 2020; Hesse et al. 2016; Taylor and Donnelly 
2020). In this study, whole femurs have been initially scanned using industrial 
computed tomography (µCT) at resolution between 51 and 62 µm3 to discriminate 
areas with high and low bone densities in three different proximal femur regions 
(femoral head, femoral neck and great trochanter) chosen to fully characterize the 
proximal femurs. Then, trabecular subregions (disks of 10 mm of diameter and 2 mm 
of thickness) have been extracted and rescanned using µCT at 25 µm3 to fully 
characterize the subsamples morphology. Finally, the Calcium K-edge of these 
trabecular subregions have been investigated at CLÆSS beamline at ALBA 
synchrotron (Barcelona, Spain) to assess HA crystallinity properties. In this study, the 
corresponding results have been compared using an inter-gender approach (one 
healthy male vs. one healthy female) and an intra-gender approach (one healthy 
female vs. three osteoporotic females) focusing on the clinical state of the bone. 

 

2.  Materials and Methods 

2.1. Sample Collection 
All procedures were done in accordance with the ethical standards of the 

responsible committee on human experimentation of the thanatopraxy laboratory, 
University School of Medicine, Hôpital de la Timone, Marseille, France that provided 
the bodies coming from donation and in accordance with the Helsinki Declaration of 
1975, as revised in 2000. 

 
Table 7. 1: Description of the samples. 

 Gender Age (y) DXA-BMD (g/cm²) 
FN WPF 

Sample01 Male 80 0.796 0.884* 
Sample02 Female 89 0.416 0.508 
Sample03 Female 83 0.608 0.651 
Sample04 Female 83 0.562 0.701 
Sample05 Female 82 0.784 0.831* 

FN: femoral neck; WPF: whole proximal femur; “*” refers to healthy bones accordingly to 
DXA-BMD analysis. 
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Five cadaveric human femurs from five different donors (from Sample01 to 
Sample05) have been collected thanks to the collaboration with the pathological 
department of LaTimone medical school, AixMarseille University. The whole femurs 
have been scanned using conventional DXA and the main sample characteristics have 
been reported in Table 7.1. They were then cut using a bandsaw along the axial 
direction right in the diaphysis (approximately 20-22 cm section proximal to the femur 
head) and then the specimens were stored at -25°C.   

 
Sample Preparation for XAS  
µCT images of whole proximal femurs have been acquired using Rx-Solution 

EasyTom XL ULTRA microtomograph (‘RX Solutions SAS, 3D X-Ray Tomography 
Systems.’, n.d.) with an isovolumetric voxel size between 51 and 62 µm, chosen 
depending on the femur anatomical sites, using a previously validated protocol 
(Soldati, Vicente, et al. 2021), able to fully resolve the proximal femur inner 
morphology. Based on µCT images, small specimens (10 mm of diameter and 2 mm of 
thickness) used in this translational study, were individuated and extracted using the 
following strategy. 

The sections containing significative structural information and hence where the 
osteoporosis could be more impacting were individuated in three different regions of 
the proximal femur, the great trochanter (GT), the femoral neck (FN) and the femoral 
head (FH). The whole proximal femurs were first cored in correspondence to the 
individuated relevant subregions using drill press equipped with a hollow tip with an 
internal diameter of 10 mm and under constant water irrigation. Small disks of 2 mm 
width were then selected and extracted cutting the trabecular core using a saw 
equipped with a diamond disk (Fig. 7.1). The samples were conserved at low 
temperature (<-25°C) until use.  

 

 
Figure 7. 1: Small sample extraction and conservation. a) core drilled from the proximal 

femur, b) extracted trabecular disks, c) and d) trabecular disks stored in sample holder for 
further experiments. 
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2.2. Biomechanical Fracture Tests 
Before subregions extraction, each proximal femur was loaded to failure (i.e. 

fracture) in an universal testing machine (Instron 5566, Instron, Canton, MA, USA). 
Each femur was placed within the loading apparatus so as to simulate a sideways fall 
on the greater trochanter (Manske et al. 2009; Eckstein et al. 2003). Each specimens was 
first fixed in resin (Epoxy Axon F23) at 15° internal rotation and then the femoral head 
were oriented at 10° adduction within the testing machine. The load was applied to 
the greater trochanter (displacement rate 10 mm/min) through a pad, which simulated 
a soft tissue cover, and the femoral head was covered with resin to ensure force 
distribution over a larger surface area. Fractures were visually classified according to 
clinical criteria (femoral neck, intertrochanteric, subtrochanteric, or isolated greater 
trochanteric fractures) (D. Guenoun et al. 2020a). Moreover, the yielding strength 
(σSN) in MPa was individuated at the end of the linear stroke of the stress-strain curve, 
the failure load (in N) was defined as the first local maximum (FMAX) after which the 
load declined by more than 10%, while the fracture load (in MPa) was defined as the 
first local maximum after which the load declined by more than 10% divided by the 
bone surface at the fracture site (σROTT) (Le Corroller et al. 2012). The area under the 
stress-strain curve (Work) have been calculated to assess the energy (in J) 
accommodated by the bone tissue until fracture.   

 

2.3. µCT Imaging and Analysis  
μCT images of all the proximal femurs subsamples were acquired using Rx-Solution 

EasyTom XL ULTRA microtomograph (‘RX Solutions SAS, 3D X-Ray Tomography 
Systems.’, n.d.), with a 150 kV X-Ray Hamamatsu Tube allowing a focus spot size of 5 
μm. All the subsamples were acquired at once using an isovolumetric voxel size 25 
µm3 chosen to fully resolve the trabecular morphology of the extracted samples. The 
other parameters were, 219 mA current, 129 V voltage, 6 images/s and 1440 projections 
over 360 degrees of rotation. Each projection was obtained from the average of 10 
images to increase the signal to noise ratio. The acquisition lasted approximatively 30 
minutes.  

The images of the proximal femur subsamples have been binarized and analyzed 
independently. The binarizations were straightforward as the contrast was high and 
the voxel size was smaller than the trabecular thickness. Based on binarized ROIs it 
has been computed the bone volume fraction (BVF), which refers to the ratio between 
the bone volume and the total volume, the trabecular thickness (Tb.Th) and spacing 
(Tb.Sp), which provide information about the trabecular diameters and distance 
between consecutive trabeculae respectively. Tb.Th and Tb.Sp have been extrapolated 
using the distance transform map from which it has been derived the aperture map 
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using the software iMorph (iMorph_v2.0.0, AixMarseille University, Marseille, 
France) (E. Brun, Ferrero, and Vicente 2017a; E. Brun et al., n.d.). The aperture map 
provides for every pixel of the bone the diameter of the maximal disk totally enclosed 
in the bone and containing this voxel. Tb.Th was then deduced from the mean values 
of the aperture map distribution. Tb.Sp was quantified from similar computations in 
the marrow phase of the trabecular ROI. The aperture map has been previously used 
for the 3D morphological evaluation of porous materials in different fields (E. Brun, 
Ferrero, and Vicente 2017a; Burghardt, Link, and Majumdar 2011b; Soldati, Escoffier, 
et al. 2020) and provides local information with a sub-voxel precision (E. Brun, Ferrero, 
and Vicente 2017a; Johansson et al. 2019). The bone morphology of all the different 
subsamples have been analyzed and each group of regions have been compared alone 
(e.g. healthy GT morphology vs. osteoporotic GT morphology). First, it has been 
investigated the differences due to the inter-gender variability by comparing the 
healthy male to the healthy female in the three different proximal femur regions, then 
the difference between osteoporotic and control has been investigated comparing the 
healthy female to osteoporotic female group. 

 

2.4. X-ray Absorption Spectroscopy 
The small samples extracted in the three regions of the proximal femur (great 

trochanter, femoral neck and femoral head) from Sample01 to Sample05 were simply 
kept stored at -25°C before and after acquisition. The acquisition has been performed 
keeping the samples in an under vacuum (10-² bar) liquid nitrogen cryostat (LN2-cryo) 
environment at -80°C, which allows fully automatized X-ray absorption 
measurements in both transmission and fluorescence modes.  

Calcium K-edge XAS measurements were collected in the fluorescence mode at the 
CLÆSS (Core Level Absorption & Emission Spectroscopies) beamline of the ALBA 
Synchrotron (Barcelona, Spain) using a single channel silicon drift detector. The 
synchrotron radiation of a wiggler source was monochromatized by means of a Si(111) 
double crystal monochromator. The focus at the sample position was 200 x 200 µm. 
The calibration of the monochromator was performed by measuring the spectrum of 
the Calcium Phosphate 𝐶𝐶𝐶𝐶3(𝑃𝑃𝑃𝑃4)2 pellet measured in transmission mode. The absolute 
energy reproducibility of the measured spectra was ±0.1 eV. The incoming energy 
resolution around the Calcium K-edge can be estimated below 0.4 eV. The incoming 
and outcoming flux have been measured by two customized ionization chambers to 
have respectively the ~10 and 75% of absorbance. The spectra, between 45 to 55 per 
sample depending on the sample size, have been selected and acquired following a 
grid with a step size of 1.25mm, were measured in fluorescence using a 6-channel 
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silicon drift detector (SDD) (Xspress'3 from Quantum Detectors). Energy scans were 
made from 3950 to 4460 eV using an integration time of 0.5 s per point. 

Firstly, the raw spectra were imported in an opensource software, Athena a part of 
Demeter (v0.9.26)(Ravel and Newville 2005), which is a comprehensive opensource 
system for processing and analyzing X-ray Absorption Spectroscopy data. Athena’s 
main function is to import and process XAS data which can be summed in three main 
steps: (i) import raw data and convert it to μ(E), (ii) normalize the data to make the 
measurements independent from sample details and detector setup, (iii) determine 
the background function and subtract it from the data in order to generate the EXAFS 
fine-structure function Χ(k). From each spectrum it has been possible to extrapolate 
four features: (i) the pre-peak area (I_G) providing a direct information on what is next 
to the Calcium element, (ii) the R distance representing the mean distance between the 
Calcium and its closest atoms, the Oxygens, (iii) the DebyeWaller (ss2) which 
represents the structure order of the Calcium providing information on the 
hydroxyapatite crystallinity, and (iv) the MapRatio which is the ratio between the 
Calcium and the Phosphorous present in the analyzed samples. The features have 
been calculated on the basis of kernel density estimation (KDE), which in statics is the 
non-parametric way to estimate the probability density function of a variable and it is 
a fundamental data smoothing problem where interferences about the population are 
made, based on a finite data sample. Therefore, we were able to provide a map for 
each of the described feature. The analysis of spectra variances (between 4000 and 4200 
eV) (Figure 7.2) have been investigated to assess differences associated to gender, age 
or bone health state and is calculated as 

𝜎𝜎2 =
∑ (𝑋𝑋𝑖𝑖 − µ)2𝑁𝑁

𝑁𝑁
 

Where 𝑋𝑋𝑖𝑖 is area of the spectrum between 4000 and 4200 eV, µ is the average spectra 
area and N is the total number of spectra acquired per each subregion.  

 
Figure 7. 2: Examples of ten spectra plotted in the range 4000-4200 eV of sample 1, showing 

the pre-peak, the shoulder before (1) and after (2) the principal peak or while line. 



Chapter 7 

 
218 

 

Moreover, the derived parameters have been compared based on gender (healthy 
female vs. healthy female) and clinical state (healthy vs. osteoporotic) using the female 
group alone (S02 to S05). Finally, the differences between samples spectra have been 
performed based on the Z-scores calculated based on the following formula: 

𝑍𝑍 =  
𝑌𝑌 − 𝜇𝜇
𝜎𝜎

 

Where Y are the parameters occurrences, and µ and σ are the mean and the standard 
deviation of the parameter calculated in the reference, which in our case is represented 
by the Sample05 (healthy, female 82 yrs).  

 

2.5. Statistical Analysis 
To identify the variables that explain most of the variation in bone features, different 

Principal Component Analysis (PCA) were conducted by using the open-source 
software R (R Core Team, 2020) and the packages “FactoMineR” (Lê, Josse, and 
Husson 2008) and “factoextra” (Kassambara and Mundt 2020). PERMANOVA was 
then calculated with the package “vegan” (Oksanen et al. 2020) to examine whether 
the factors “bone health quality” and “bone region” influenced the characteristics of 
the bones. Moreover, to determine whether the samples could be grouped into healthy 
and osteoporotic, a k-means clustering allowing for two groups was calculated using 
the kmeans function. 

The PCAs have been conducted using features from the same categories 
(biomechanical, morphological and spectroscopic) alone and by combining different 
categories. This multiple analysis would allow a complete overview of the usefulness 
of the extrapolated parameters for the fracture risk assessment considering that 
biomechanical parameters provide the real fracture information of the tested bones. 

3.  Results 

3.1. Biomechanical Fracture Tests 
Biomechanical fracture tests were performed to assess the real health state of each 

femur. The obtained results would provide the unquestionable insights of the bone 
resistance to fracture. We observed three femoral neck (Sample01, Sample03 and 
Sample04) and two intertrochanteric (Sample02 and Sample05) fractures. The mean 
failure load was equal to 1303.6 N (SD, 607.6 N ) over a mean femoral neck cross-
section of 966.8 mm² (SD, 246.9 mm²) computed between the femoral head and the 
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great trochanter and delimited by the cortical shell of high-resolution µCT images   
which were oriented perpendicularly to the neck axes. The resulting mean fracture 
strain was 1.38 MPa (SD, 0.61 MPa) with a mean work equal to 0.021 J (SD, 0.009 J).  

The linear regression between DXA derived-BMD at the femoral neck region and 
the yielding strain reported in Figure 7.3, showed a moderate correlation (R² = 0.50). 
Lower correlation were assessed between DXA derived-BMD and both work (R² = 
0.28) and fracture strain (R² = 0.40). Interestingly, the correlation coefficients increased 
using DXA derived-BMD and the biomechanical parameters derived only from the 
female donors respectively to R² = 0.90 for yielding strain, R² = 0.88 for fracture strain 
but not for Work R² = 0.01.  

 
Figure 7. 3: Linear regression of DXA derive bone mineral density (BMD) and yielding 

strain (σSN), Work and fracture strain (Fmax) of all the samples (S) together (black dotted line) 
and of the female subgroup alone (S02-S05) (dashed line). 

 

3.2. Bone Morphology 
The bone morphology analysis between the two age-matched healthy specimens 

(male vs. female) has been conducted for comparative purposes. Differences in the 
morphological parameters have been compared region by region between the healthy 
female and the healthy male. The BVF and Tb.Th showed higher differences (+16% 
and +7% respectively) in the FH, the Tb.N and Tb.Sp showed higher differences (+12% 
and -10% respectively) in the FN. Interestingly, differences between bone morphology 
in the male and female specimens were more accentuated in both FH and FN but not 
in the GT where the derived differences were +3%, +1%, -2% and +2% respectively for 
BVF, Tb.Th, Tb.Sp and Tb.N.  

The mean and SD of each morphological characteristic have been derived using the 
three subregions together. The healthy male specimens compared to the healthy 
female showed higher BVF and Tb.N (0.21±0.09 vs. 0.18±0.08 and 1.53±0.42 vs. 
1.42±0.40 respectively for the BVF and Tb.N of the healthy male and female) similar 
Tb.Th (0.13±0.02 vs. 0.13±0.02  respectively for the male and female) and lower Tb.Sp 
(0.62±0.13 vs. 0.66±0.15 respectively for the healthy male and female). 

Moreover, bone morphological differences between the healthy and the 
osteoporotic samples have been investigated using a gender specific approach, 
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focusing on the female samples alone (S02 to S05), and differences have been presented 
for each investigated proximal femur region. In the femoral head the healthy sample 
presented higher BVF (26%) and Tb.N (+36%), similar Tb.Th (-7%), lower Tb.Sp (-35%) 
compared to the osteoporotic (Figure 7.4). The GT showed similar results reporting 
higher BVF (+20%) and Tb.N (+23%), similar Tb.Th (-1%) and lower Tb.Sp (-22%). 
Finally, in the FN the healthy sample provided greater BVF (+19%) while similar 
parameters were assessed for both Tb.Th (+6%), Tb.Sp (-7%) and Tb.N (+7%).  

 
Figure 7. 4: Trabecular network morphology (left) and thickness (Tb.Th) (right) of 

respectively the female healthy (S05) (first row) and osteoporotic female (S04) (second row) 
proximal femur head. 

The mean and SD of each morphological characteristic have been derived using the 
three subregions together and comparing the healthy female to the osteoporotic group. 
The healthy female compared to the osteoporotic female group showed higher BVF 
and Tb.N (0.18±0.08 vs. 0.14±0.06 and 1.46±0.46 vs. 1.09±0.22 respectively for the BVF 
and Tb.N of the healthy female and the osteoporotic group) similar Tb.Th (0.13±0.02 
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vs. 0.13±0.04 respectively for the healthy female and the osteoporotic group) and lower 
Tb.Sp (0.66±0.15 vs. 0.79±0.10 respectively for the healthy female and the osteoporotic 
group). However, performing the Student T-test between the healthy female and the 
osteoporotic group together and considering all the subregions together showed that 
differences were statistically significant for all the morphological parameters (BVF and 
Tb.Sp with a p-val<0.01 in both cases, and Tb.N with a p-val<0.05), but the Tb.Th (p-
val>0.05). 

The linear regression assessed between DXA derived-BMD in the FN and the 
corresponding morphological parameters derived in the same proximal femur region 
showed poor correlation for all the morphological characteristics (R² = 0.39, 0.18, 0.03 
and 0.02 respectively for BVF Tb.Th, Tb.Sp and Tb.N) (Figure 7.5). Poor correlations 
were also assessed between BVF and Tb.Sp derived in the FN and the Work (R² 
respectively equal to 0.07 and 0.13) while the correlation between Tb.Th and Tb.N 
derived in the same region and Work showed moderate correlation (R² = 0.54 and 0.59 
respectively for Tb.Th and Tb.N).  

 

 
Figure 7. 5: Linear regression showing the coefficient of determination (R²) between DXA 

derive-BMD in the femoral neck (FN) and morphological parameters derived in the FN (first 
row), and between DXA derive-BMD in the whole proximal femur (WPF) and morphological 
parameters derived in the femoral head (FH) (second row). S: Sample; BMD: bone mineral 
density; BVF: bone volume fraction; Tb.Th: trabecular thickness; Tb.Sp: trabecular Spacing; 
Tb.N: trabecular number; Ad: a dimensional. 

Different results were assessed performing the linear regression between DXA 
derived-BMD in the whole proximal femur and the morphological parameters 
extracted from the FH. In particular, lower correlation was assessed for the BVF (R² = 
0.17) and Tb.Th (R² = 0.15), while higher correlation was assessed between Tb.Sp and 
Tb.N (R² = 0.37 and 0.84 respectively). Regarding the linear regression between 
morphological parameters in the FH and the Work of female group, BVF and Tb.Th 
showed moderate to good correlation showing respectively a R² = 0.68 and 0.85. 
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However, slightly poor correlations were assessed for Tb.Sp and Tb.N R² = 0.08 and 
0.01 respectively. 

 

3.3. Calcium K-edge Spectroscopy  
In Figure 7.6 and Table 7.2 are presented the Calcium concentration map and the 

four spectroscopic characteristics extracted from each sample. No differences (<1%) in 
the case of R parameter have been assessed between both clinical state (healthy vs. 
osteoporotic) and gender (healthy female vs. healthy male), while higher differences 
have been assessed for the other characteristics. In particular, small pre-peak intensity 
differences have been assessed between the healthy and the osteoporotic females in 
the FN (between -6% for S04 and +2% for S02) while higher differences were assessed 
in both FH (up to +19% for S04) and GT (up to -12% in the S03), moreover the healthy 
male had in general greater differences (11% for the FH, 16% for FN and -13% for the 
GT). MapRatio and ss2 reported greater differences comparing both healthy and 
osteoporotic females (between -36% and +52% for MapRatio respectively obtained in 
the S02 FH and FN, and between -48% and +84% for the ss2 respectively obtained in 
the S02 GT and S04 FH). 

 
Table 7. 2: Spectroscopic results of each sample (S) and samples subregions. 

ID I_G R ss2 MapRatio 
mean±SD mean±SD (*10-3) mean±SD mean±SD 

S01_FH 0.138±0.017 2.432±0.012 7.56±2.66 25.05±2.47 
S01_FN 0.148±0.024 2.434±0.029 9.46±3.42 21.12±2.37 
S01_GT 0.126±0.017 2.427±0.013 5.93±2.40 26.86±3.90 
S02_FH 0.130±0.018 2.429±0.017 6.63±2.76 24.39±3.06 
S02_FN 0.131±0.019 2.425±0.011 6.53±2.94 25.07±3.05 
S02_GT 0.130±0.015 2.415±0.026 4.38±1.99 24.64±3.88 
S03_FH 0.129±0.015 2.428±0.011 5.90±2.19 43.23±8.89 
S03_FN 0.123±0.019 2.427±0.020 5.13±2.57 40.23±3.71 
S03_GT 0.126±0.020 2.430±0.016 5.76±2.44 26.78±3.13 
S04_FH 0.149±0.014 2.422±0.008 7.97±3.08 24.63±2.80 
S04_FN 0.120±0.014 2.431±0.027 4.97±1.74 29.10±2.92 
S04_GT 0.135±0.019 2.432±0.013 7.74±2.76 24.42±2.55 
S05_FH 0.125±0.008 2.429±0.011 4.33±1.08 37.93±3.68 
S05_FN 0.128±0.017 2.419±0.012 5.04±2.77 26.55±3.23 
S05_GT 0.144±0.022 2.427±0.008 8.37±3.71 23.43±2.14 

Data are presented as mean ± SD. FH: femoral head; FN: femoral neck; GT: great trochanter; 
I_G: pre-peak intensity; R: distance between Calcium and Oxygens; ss2: DebeyWaller; 
MapRatio: ratio between Calcium and Phosphorous. 
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Figure 7. 6: X-ray absorption spectroscopy investigation of healthy (S5) and osteoporotic 

(OsteoP, S2) femoral neck (FN) comparing all the derived characteristics. Calcium 
concentration (first row); Pre-peak intensity (I_G) (second row); the distance, R, between 
Calcium and Oxygens (third line); the Calcium structure order descripted by the ss2 (forth 
row); and the MapRatio, which expresses the Ca/P ratio (fifth row). Calcium concentration is 
expressed ad weight per cent (wt%). 

The variance of the spectra is calculated between 4000 and 4200 eV and has been 
assessed to investigate the variability of the spectra with respect to the average in the 
same subregion and between both different subregions and different samples (Figure 
7.7). The results showed great variability between different spectra from the same 
subregion. Moreover, small differences were assessed comparing the spectra variance 
between healthy and osteoporotic samples, therefore the variability of spectra seemed 
more biological, i.e. depending by natural differences between different subjects, than 
linked to the bone health state. 

 

 
Figure 7. 7: (first row) Variance of the spectra calculated between 4000 and 4200 eV of each 

Sample (S) and subregion. FH: femoral head, FN: femoral neck, and GT: great trochanter. 
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The Z-scores, reported in Figure 7.8, has been calculated for each sample compared 
to the reference provided by the S05 with respect of the three investigated proximal 
femur regions and have been used to assess differences in the extrapolated features 
between osteoporotic samples and control, and between female and male. The results 
showed that in the FH all the samples compared to the S05 reference showed higher 
I_G and ss2 and similar R, however while S01, S02 and S04 showed lower Map ratio, 
this was not the case for S03. In the FN the Z-scores from S03 and S04, which had very 
similar DXA derived-BMD, showed the same trend (lower I_G, greater R and Map 
ratio and similar ss2), however the trend was almost opposite to both the S02 (older 
female with the lowest DXA derived BMD) and S01 (healthy male) which instead 
reported greater I_G, ss2 and R, and lower Map ratio. Finally, in the GT all the samples 
showed lower I_G, ss2 and greater Map ratio, while greater R was assessed for S01, 
S03 and 0S4 but not for S02 in which R was lower.  In general, these results suggest 
that in the FH osteoporotic bones had higher phosphorous concentration responsible 
to increase the remodeling activity and were forming more ordered HA crystals 
(higher ss2). Opposite to FH, the GT showed a reduced bone remodeling and more 
disordered HA crystals. Finally, in the FN no clear trend was visible suggesting no 
differences neither in the HA crystals nor the bone remodeling activity. 

 

 
Figure 7. 8: Z-scores calculated for each XAS characteristic and subregion for all the 

investigated Samples (S) with respect to the healthy female (S05). I_G: pre-peak intensity; R: 
distance between Calcium and Oxygens; ss2: Calcium structure order; and MapRatio: ratio 
between Calcium and Phosphorous.   
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3.4. Bone Fracture Predictivity Risk Assessment 
The PCA has been performed to assess the usefulness of each group of investigated 

parameters (biomechanical, morphological and spectroscopic) in the prediction of the 
proximal femur fracture risk assessment.  

To interpret the PCA graphs, it is necessary to investigate and qualitative assess the 
separation between the healthy samples (light and dark green respectively 
corresponding to the healthy male S01 and female S05) and the osteoporotic group 
(S02, S03 and S04 respectively presented in bordeaux, red and orange). However, as 
will be presented further in the text, a clear separation between healthy and 
osteoporotic subjects never occurred since the healthy FN subregions seemed to 
systematically migrate towards the points representing the osteoporotic subregions. 

 
Multimodal analysis  
Biomechanics/Morphology/XAS 
First the PCA derived using all the groups of investigated parameters combined has 

been performed as an exploratory investigation of bone quality changes (Fig. 7.9). PC1, 
PC2 and PC3 respectively explained 31.7%, 24.0 and 18.3% of the data variability, with 
PC1 primarily composed by morphological and biomechanical parameters, PC2 
composed by biomechanical parameters and PC3 composed by XAS parameters. 
Moreover, samples were separated according to their bone health quality (healthy vs. 
osteoporotic), which was further confirmed by PERMANOVA analysis (p<0.05). The 
k-means cluster came to an additional support where the only subregions not correctly 
classified were the healthy FN of both S01 and S05 classified as osteoporotic. 

 



Chapter 7 

 
227 

 

 
Figure 7. 9: Principal component analysis (PCA) of biomechanical, morphological and XAS 

parameters of control (S01 and S05) and osteoporotic (S02, S03 and S04) bone samples. 
Individuals are represented by dots and colored by sample. Variables are represented by 
arrows and colored by technique. The length of the arrows indicates the strength of the 
correlation of respective parameter with the samples. The graphs below show the contribution 
and the cos2 of each variable in each dimension as well as the percentage of variability 
contained in each dimension. 

 
Biomechanics/Morphology/XAS* 
The effect of XAS parameters on separating samples based on clinical condition has 

been further investigated. Additional PCAs have been performed using all the derived 
parameters (biomechanical, morphological and spectroscopic) and removing one XAS 
parameter at a time to explore whether the low data variability explanation was due 
to a specific XAS parameter. Interestingly, it has been observed that removing R the 
PCA seemed to provide a better separation rather than when removing the MapRatio, 
I_G or the ss2 (PC1-PC2-PC3 combined explained respectively 79.9% vs. 76.3% vs. 
75.1% vs. 74% of the data variability). 
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Bi-Modal analysis  
Biomechanics/Morphology 
Then, each group of variables have been removed from the PCA one at a time to 

assess the usefulness of each investigative test in differentiating between osteoporotic 
and controls. The PCA using morphological and biomechanical parameters combined 
have been performed (Fig. 7.10). PC1, PC2 and PC3 respectively explained 45.8%, 
33.1% and 11.3% of the data variability. No clear separation based on bone health 
quality was observed in PC1-PC2, while a better separation has been observed in the 
PC1-PC3 graph. PERMANOVA analysis corroborated the differences between 
osteoporotic and healthy subjects (p<0.05), but this hypothesis was not further 
supported by the k-means clustering. According to PCAs plots, the FN subregions 
remained the subregion of the proximal femur which migrates differently as compared 
to the other healthy subregions and positioning among the osteoporotic ones. 

 

 
Figure 7. 10: Principal component analysis (PCA) of biomechanical and morphological 

parameters of control (S01 and S05) and osteoporotic (S02, S03 and S04) bone samples. 
Individuals are represented by dots and colored by sample. Variables are represented by 
arrows and colored by technique. The length of the arrows indicates the strength of the 
correlation of respective parameter with the samples. The graphs below show the contribution 
and the cos2 of each variable in each dimension as well as the percentage of variability 
contained in each dimension. 
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Biomechanics/XAS 
Moreover, the PCA derived using biomechanical and XAS parameters showed that 

PC1, PC2 and PC3 combined explained 83.7% of the data variability, with PC1 
primarily composed by biomechanical parameters, PC2 composed by I_G, ss2 and 
MapRatio and PC3 by R (Fig. 7.11). Although, the samples were significantly separated 
on bone health quality (PERMANOVA p<0.05) no clear separation was observed 
between proximal femur subregions in the principal component graphs. 

 

 

 
Figure 7. 11: Principal component analysis (PCA) of biomechanical and XAS parameters of 

control (S01 and S05) and osteoporotic (S02, S03 and S04) bone samples. Individuals are 
represented by dots and colored by sample. Variables are represented by arrows and colored 
by technique. The length of the arrows indicates the strength of the correlation of respective 
parameter with the samples. The graphs below show the contribution and the cos2 of each 
variable in each dimension as well as the percentage of variability contained in each 
dimension. 
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Morphology/XAS 
The PCA has also been performed combining the morphological and the XAS 

parameters and the results are shown in Figure 7.12. PC1, PC2 and PC3 respectively 
explained 41.4, 28.1 and 14.0% of the variability of the samples with PC1 primarily 
composed by BVF, Tb.Sp and Tb.N, PC2 composed by MapRatio, ss2 and I_G, and PC3 
by R. The PERMANOVA analysis was not significative, and the k-means clustering 
was not able to separate healthy subjects from those affected by osteoporosis. While 
no clear separation between healthy and osteoporotic groups was visible in the PC1-
PC2-PC3 graphs, as previously observed also in this case all the FN subregions seemed 
migrating together with the osteoporotic subregions. 

 

 

 
Figure 7. 12: Principal component analysis (PCA) of morphological and XAS parameters of 

control (S01 and S05) and osteoporotic (S02, S03 and S04) bone samples. Individuals are 
represented by dots and colored by sample. Variables are represented by arrows and colored 
by technique. The length of the arrows indicates the strength of the correlation of respective 
parameter with the samples. The graphs below show the contribution and the cos2 of each 
variable in each dimension as well as the percentage of variability contained in each 
dimension. 
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Mono-Modal analysis 
Biomechanics 
In addition, different PCAs using each group of variables alone have been 

performed to assess the ability of each group of techniques in separating bones based 
on the health condition. First, the PCA performed using only the biomechanical 
parameters showed the greatest explanation of variability, with PC1, PC2 and PC3 
together explaining 99.9% of the variability of the data (Fig. 7.13). PC1 was mainly 
composed by σSN, σROTT and FMAX and PC2 composed by Work. PERMANOVA 
showed a significant difference (p<0.05) between samples based on bone health 
condition, and a clear separation between healthy and osteoporotic subjects was also 
visible in both PC1-PC2 and PC2-PC3 graphs. 

 

 

 
Figure 7. 13: Principal component analysis (PCA) of only biomechanical parameters of 

control (S01 and S05) and osteoporotic (S02, S03 and S04) bone samples. Individuals are 
represented by dots and colored by sample. Variables are represented by arrows and colored 
by technique. The length of the arrows indicates the strength of the correlation of respective 
parameter with the samples. The graphs below show the contribution and the cos2 of each 
variable in each dimension as well as the percentage of variability contained in each 
dimension. 
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Morphology 
The same analysis has been performed using the morphological parameters derived 

from image analysis alone (Figure 7.14). In this case 96.5% of the data variability could 
be explained using PC1 and PC2 (75.4% for PC1 and 21.2% for PC2), with the whole 
set of morphological parameters having an influence on PC1, and PC2 being strongly 
influenced by Tb.Th. Healthy and osteoporotic samples were significantly separated 
according to PERMANOVA analysis (p<0.05), although no clear separation between 
healthy and osteoporotic subjects was possible using k-means clustering. Healthy 
subregions seemed to regroup (4/6 cases) along the positive PC1 axes, while in the 
PC1-PC2 plot all the FN subregions seemed to migrate on the negative part of the PC1 
axes, and regrouping with the osteoporotic subregions. 

 

 

 
Figure 7. 14: Principal component analysis (PCA) of only morphological parameters of 

control (S01 and S05) and osteoporotic (S02, S03 and S04) bone samples. Individuals are 
represented by dots and colored by sample. Variables are represented by arrows and colored 
by technique. The length of the arrows indicates the strength of the correlation of respective 
parameter with the samples. The graphs below show the contribution and the cos2 of each 
variable in each dimension as well as the percentage of variability contained in each 
dimension. 
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XAS 
Moreover, the PCA analysis has been performed using the parameters derived from 

XAS and the first three principal component axes (PC1, PC2 and PC3) explained 99% 
of the data variability between samples. Although, PC1 explained 59.5% and included 
I_G, ss2 and MapRatio, PC2 explained 27.8% of data variability and included R and 
MapRatio (Fig. 7.15), no clear separation between healthy and osteoporotic subjects 
was observed. PC3 explained 11.7% of the variance and was primarily composed by 
I_G and MapRatio. The PERMANOVA analysis was not significative and the k-means 
cluster analysis confirmed the tendencies observed in the PCA, not succeeding in 
separating the samples based on their health state. 

 

 

 
Figure 7. 15: Principal component analysis (PCA) of only XAS parameters of control (S01 

and S05) and osteoporotic (S02, S03 and S04) bone samples. Individuals are represented by 
dots and colored by sample. Variables are represented by arrows and colored by technique. 
The length of the arrows indicates the strength of the correlation of respective parameter with 
the samples. The graphs below show the contribution and the cos2 of each variable in each 
dimension as well as the percentage of variability contained in each dimension. 
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Bi-Modal analysis (Clinical standard BMD/Morphology) 
Finally, the PCA using the morphological parameters and the clinical standard 

BMD has been derived and the results are shown in Figure 7.16. PC1-PC2-PC3 
explained 97.3% of data variability, with PC1 primarily composed by BVF, Tb.Sp and 
Tb.N, PC2 composed by Tb.Th, and BMD uniformly distributed between PC1, PC2 
and PC3. The PERMANOVA showed that both the factor condition (p<0.01) and bone 
subregion (p<0.05) significantly explained the differences between the samples. 
Moreover, the k-means clustering provided statistical confirmation of the tendencies 
observed in the PCA with the healthy FN subregions being the only regions 
misclassified as osteoporotic for both S01 and S05 and providing the clearer separation 
between healthy and osteoporotic subjects above all the previously performed PCA.  

 

 
 

 
Figure 7. 16: Principal component analysis (PCA) of DXA derived-BMD providing the 

clinical standard and morphological parameters of control (S01 and S05) and osteoporotic (S02, 
S03 and S04) bone samples. Individuals are represented by dots and colored by sample. 
Variables are represented by arrows and colored by technique. The length of the arrows 
indicates the strength of the correlation of respective parameter with the samples. The graphs 
below show the contribution and the cos2 of each variable in each dimension as well as the 
percentage of variability contained in each dimension. 
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4.  Discussion 

The investigation of the HA crystallinity and trabeculae microarchitecture in the 
proximal femur trabecular network between osteoporotic and control subjects is of 
great interest since changes could modify the BM process and therefore impact the 
bone heath quality. The biomechanical fracture test came as an additional support 
since provided the real health condition of the proximal femur and therefore the 
provided information could be used as a reference. 

In this study we addressed the issue related to trabecular microarchitecture and HA 
crystallinity using a multimodal approach, which combined image and spectra 
analysis, and biomechanical fracture tests. This approach allowed to completely 
resolve the trabecular microarchitecture and to investigate the Calcium K-edge of the 
HA structure in three different proximal femur regions specifically chosen to provide 
an overall picture of the whole proximal femur health quality. Moreover, it provides 
the comparison of the corresponding results of both an inter-gender approach (one 
healthy male vs. one healthy female) and intra-gender (one healthy female vs. three 
osteoporotic females).  

The biomechanical fracture tests designed to imitate the sideway fall on the great 
trochanter provided reference values of the real proximal femur health quality and the 
obtained parameters were in accordance with those obtained from a previous studies 
(Le Corroller et al. 2012; D. Guenoun et al. 2020a; Manske et al. 2009; Soldati, Vicente, 
et al. 2021). 

The analysis conducted using µCT images acquired at 25 µm3 showed differences 
in the bone morphology based on the anatomical position (FH vs. FN vs. GT), on the 
patient gender (male vs. female), and on the bone health state (healthy vs. 
osteoporotic). In particular, higher BVF and Tb.N, similar Tb.Th and lower Tb.Sp have 
been assessed in the FH than in both the other two bone regions confirming regional 
structural variations of trabecular bone in the proximal femur previously assessed 
(Issever et al. 2002; Nazarian et al. 2007). Moreover, the differences based on the 
patients gender assessed in this study confirmed those previously reported, i.e. 
Mueller et al. on a study conducted on 163 cadaveric forearms of elderly subjects (>60 
yrs) using high-resolution pQCT scanner (voxel size = 89x89x93 µm) reported that 
male had higher BVF and Tb.N (respectively +35% and +24%) and lower Tb.Sp (-49%) 
compared to females (Mueller et al. 2009). Differences in the bone morphology due to 
changes in the bone remodeling process caused by pathologies affecting the skeleton 
have also been assessed previously (among others, osteoporosis (Soldati, Vicente, et 
al. 2021; D. Guenoun et al. 2020a; Chamith S. Rajapakse et al. 2018a), psoriatic arthritis 
(Soldati, Escoffier, et al. 2020; Ogdie et al. 2017b; Chandran et al. 2016b), rheumatoid 
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arthritis (B. Wang et al. 2016) and, osteoarthritis (Z.-C. Li et al. 2012)). Furthermore, the 
obtained morphological parameters were in the same range of those previously 
reported in the literature from both inter-gender patients (Mueller et al. 2009; Khosla 
et al. 2005; Kazakia et al. 2013), different proximal femur subregions (Issever et al. 2002; 
Djuric et al. 2010) and different health state (Soldati, Vicente, et al. 2021; B. Wang et al. 
2016; Z.-C. Li et al. 2012; Soldati, Escoffier, et al. 2021).  

These results showed that bones are highly in-homogeneous structures whose inner 
microarchitecture is engineered to provide the maximum resistance performances 
which therefore is different based on gender, bones body position and anatomical 
location of the same bone. However, bone pathologies may affect bone 
microarchitecture reducing the trabeculae interconnection (lower BVF, Tb.N and 
higher Tb.Sp). 

The XAS spectra showed identical spectral features for both male and female 
subjects and osteoporotic and healthy. The pre-peak, the shoulder peak before and 
after the higher peak (white line) and the white line were at same energy positions as 
previously reported for Ca K-edge XANES spectra of HA references (Monico et al. 
2020; Sepulcre et al. 2004; Carpentier et al. 2010; Nguyen et al. 2011). The whole 
dominant peaks are in the same energy region suggesting the Ca local structure in all 
samples are mainly formed as HA. The great variability in the spectra intensities 
seemed due to the samples biological variability (normal variability between different 
subjects) and not related to the bone health state (Hesse et al. 2016). Differences were 
assessed between healthy and osteoporotic based on the spectra analysis of the four 
different parameters investigated. The healthy FH showed in general higher pre-peak 
intensity and DebyeWaller and lower Ca/P ratio, one could speculate that 
osteoporotic bones start collect P and increase the regenerative activity at the expenses 
of bone quality since more ordered crystals are sensed to increased rigidity. 
Supporting this hypothesis, Murshed et al. reported that ionic calcium (Ca²+) and 
inorganic phosphate (Pi) are two critical determinants for bone mineralization 
(Murshed 2018). In addition, it has been previously reported that from patients and 
animal models of human diseases clearly demonstrates that the reduction of systemic 
Pi levels with or Ca2+ without any alteration of the levels lead to osteomalacia with the 
characteristic increase of unmineralized osteoid volume (Murshed 2018; Terkeltaub 
2001; Dardenne et al. 2001; Masuyama et al. 2001). The GT on the contrary showed HA 
crystal more disordered and higher Ca/P ratio suggesting an overall higher flexibility 
and reduced regenerative activity. This effect could be explained by the anatomical 
position of the GT which is the proximal femur subregion less involved in the 
biomechanics of the bone. Usually, smaller differences between healthy and 
osteoporotic subjects have been assessed in the FN subregions suggesting that healthy 
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FN was already impacted by an intensive bone remodeling process and hence FN 
could be the first proximal femur region impacted by osteoporosis.  

 
The principal component analysis has been performed to individuate the 

parameters contribution in the proximal femur fracture risk prediction. The first 
explorative PCA using all the investigated parameters showed no clear separation 
between healthy and osteoporotic subjects and the lowest data variability explanation 
with the first three principal component. This same effect has also been observed in all 
the PCAs using the spectroscopic features derived from XAS, while better separation 
could be appreciated removing XAS parameters from the equation. These results 
further support the hypothesis of Hesse at al. that no stoichiometric changes in the HA 
chemical composition can be associated to mineral maturation, anatomical site or 
disease (osteoporosis) (Hesse et al. 2016). The additional PCAs performed removing 
one XAS parameter at a time came as an additional support. In particular, the lower 
separation between healthy and osteoporotic obtained removing MapRatio rather than 
when removing ss2 suggested that no atomic changes can be associated to osteoporosis 
while changes could be associated to the HA crystal local order and microarchitecture. 
Finally, the best separation based on bone health condition has been obtained 
combining clinical standard BMD and the morphological parameters derived from 
image analysis. This result clearly support the hypothesis that the trabecular 
morphology provide additional information to the BMD and once added the diagnosis 
of osteoporosis and the fracture risk assessment resulted improved (Soldati, Vicente, 
et al. 2021).  

Some limitation has to be acknowledged, first this work would have benefit of a 
larger sample population which could be chosen to be well distributed according to 
both bone health quality and patients gender. Second, the bone changes in both the 
morphology and HA crystallinity due to osteoporosis could be improved by adding 
the analysis of the cortical phase. Unfortunately, in our case it was not possible due to 
sample availability and beamtime shifts. Finally, quantitative or semi-quantitative 
information about trabeculae tissue properties and HA molecular composition and 
structure could be investigated performing both synchrotron experiments (i.e. X-ray 
Diffraction (XRD)) or laboratory analysis (i.e. Microindentation, Fourier transform 
infrared (FTIR) or Raman Spectroscopy) and further published. However, since these 
techniques require a specific sample preparation protocol, they have to be performed 
following a specific order (XRD, Microindentation, FTIR/Raman). 
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5.  Conclusion 

In this study, it has been qualitatively characterized the HA crystallinity in the 
trabecular network of three different proximal femur subregions taking advantage of 
the X-ray absorption spectroscopy of the Ca K-edges at micrometric scale. The 
obtained information has been compared to bone biomechanics and morphology to 
evaluate if the provided information would increase the proximal femur fracture risk 
assessment predictivity. Our results suggested that no stoichiometric changes in the 
HA chemical composition can be associated to mineral maturation, anatomical site or 
disease (osteoporosis). However, from the analysis of each feature extracted from XAS 
has been shown that while no HA atomic changes can be associated to osteoporosis, 
changes could be associated to the HA crystal local order and microarchitecture. 
Finally, the PCA conducted using clinical reference BMD and trabecular morphology 
provided a clear separation of the samples based on their bone health quality 
suggesting that the combination of these two bone properties could improve the 
osteoporosis diagnostic reliability and fracture risk assessment. 
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General Conclusion 

Osteoporosis is a systemic bone pathology which is responsible to put at high risk 
of fragility fracture more than 300 million people by 2040. Hence, an early diagnose of 
osteoporosis is of utmost importance since would increase the quality of life of many 
patients. In this study, it has been presented an optimized approach for the diagnose 
of osteoporosis which aims to add the trabeculae inner morphology to the clinical 
standard reference, i.e. the bone mineral density, using MR imaging technology, which 
compared to DXA and qCT represent a non-invasive and radiation-free alternative.  

This study, first assessed the possibility to acquire the trabeculae morphology using 
MR imaging technology showing that both the bone quality and the therapy delivery 
effect on a patient affected by psoriatic arthritis were assessable. However, the same 
first study also reported the limits of this imaging technique where due to the 
difference between image resolution and trabeculae dimension the bone inner 
morphology was not completely resolved.  

To reliably assess the bone quality in both healthy and pathological situations with 
the aim of improving the in vivo diagnosis, ex vivo studies of large cadaveric bones 
are of utmost importance. The first issue on the investigation of large cadaveric bones 
using MR imaging are the air bubbles artefacts caused by bone decomposition. In our 
study, a vacuum procedure able to substitute the air bubbles inclusion with 1 mM Gd-
DTPA saline solution which imitates the magnetic response of bone marrow has been 
designed and validated through image analysis. Then, the image resolution limit 
which would allow to resolve the bone trabeculae has been investigated showing that 
a minimum pixel size of 0.150 mm in plane is needed to assess bone trabeculae. 
Interestingly, the new introduced parameter based on the trabecular interconnectivity 
showed to highly correlate with fracture load proving that structural organization and 
morphological parameters could provide additional, rather than analogous, 
information to clinical standard BMD for a more comprehensive view of the bone 
health status and quality. Once determined the minimum pixel size to acquire the 
trabecular morphology, the second investigative problem was to identify the MRI field 
strength and pulse sequence that better differentiate bone and marrow phases. Hence 
the field strength and pulse sequence characterized by a reduced susceptibility to 
partial volume effects and susceptibility-induced broadening of the trabeculae has 
been investigated using different field strengths MRI (3T vs. 7T) and pulse sequences 
(GRE vs. TSE). The results showed that using TSE sequence at 7T MRI the 
morphological parameters acquired were comparable to those derived using the gold 
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standard µCT. Therefore, an optimized approach for the bone morphological 
assessment has been proposed.  

Attested that the bone morphology could be assessed and provide additional 
information to clinical BMD, and hence could increase the diagnosis and the fracture 
risk prediction, the bone changes related to osteoporosis at lower scales (micro-, nano- 
and molecular) have been addressed. Interestingly, both the analysis conducted on the 
trabeculae osteocytes lacunae and mechanical properties in the femoral neck showed 
no changes based on clinical bone state. However, our results pointed that the femoral 
neck resulted the proximal femur subregion highly affected by osteoporosis with an 
increased bone remodeling process compared to both femoral head and great 
trochanter, confirming the higher occurrence of fragility fractures in the FN compared 
to both FH and GT. Moreover, the molecular investigation showed that no 
stoichiometric changes in the HA chemical composition could be associated to mineral 
maturation, anatomical site or osteoporosis, while changes in the HA could be 
associated to HA crystal order and microarchitecture. In addition, the principal 
component analysis conducted on the three different proximal femur subregions of 5 
subjects showed that the healthy FN subregions were always migrating according to 
the osteoporotic. Finally, the PCA performed using BMD and morphological 
parameters showed a clear sample separation based on the bone health quality, 
confirming that the combination of these two bone properties could improve the 
osteoporosis diagnostic reliability and fracture risk assessment. 

To better understand the implications of the HA nano- and molecular changes due 
to osteoporosis, future studies could address the structural properties of bone mineral 
platelets and collagen fibrils at the nanoscale and HA chemical composition. The 
structural properties of both bone mineral platelets and collagen fibrils could be 
assessed using synchrotron small-angle X-ray scattering (SAXS) and wide-angle X-ray 
diffraction (WAXD) techniques. Moreover, the HA chemical composition and the 
possible influence of different substitutes in the bone remodeling process could be 
assessed using atomic absorption spectroscopy (AAS) which is an analytical technique 
used for both quantitative and qualitative determination of metal ions in solution. 
Future works could also increase the sample population distributing samples based 
on bone quality and patients gender, and take into account both the bone cortical and 
trabecular phase. Finally, as presented in Chapter 1.4 promising MRI techniques could 
be used to assess non-invasively and in vivo the bone marrow fat quantification, the 
bone mineral composition, the bound, and pore water, and the magnetic susceptibility 
quantification, providing information of the bone health, quality and metabolic 
activity. 

To conclude, in this PhD thesis the diagnostic power of osteoporosis in deep bone 
segments, as the proximal femur, has been increased by adding to the clinical reference 
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DXA derived-BMD, the bone inner morphology assessed using an optimized MR 
imaging approach, an in vivo and non-invasive clinical technology. Moreover, the 
proximal femur analysis at lower investigative scales have pointed that the femoral 
neck is the first proximal femur region affected by osteoporosis and with an increased 
bone remodeling activity, and therefore the more likely exposed to fragility fractures. 
Finally, the altered bone remodeling activity should be related to changes in the HA 
crystal order and microarchitecture rather than chemical composition.  
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Long Résumé de Thèse  

Introduction  
Les os ont de multiples fonctions fondamentales chez l'homme, il est possible de 

séparer 3 types de fonctions : (i) mécaniques, les os assurent la protection des organes 
internes, locomoteur permettant le mouvement mais aussi sensoriel transmettant le 
son et soutenant tous les tissus mous ; (ii) hématopoïétique, synthétisant les globules 
blancs ; et (iii) métaboliques, ils consistent en un stock de minéraux, lipides et facteurs 
de croissance, ils sont capables de détoxifier l'organisme de nombreux métaux lourds 
et leur sécrétion endocrinienne, entre autres, est chargée de réguler la sécrétion de 
phosphore et à travers l'ostéocalcine, de abaisser la glycémie. L'os est un tissu qui 
s'absorbe et se remplace continuellement en maintenant l'homéostasie, ce qui permet 
au tissu de résister également à toutes les forces extérieures auxquelles il est soumis 
dans la vie quotidienne de tous les humains. Des modifications de la résistance osseuse 
peuvent entraîner une augmentation de la susceptibilité aux fractures, principalement 
due à une diminution de la résistance et de la qualité des os. Alors que les deux 
déterminants sont étroitement liés à plusieurs paramètres liés à la géométrie osseuse, 
la macroarchitecture, la microarchitecture, les microlésions, la minéralisation osseuse 
et le remodelage osseux, de nombreuses maladies osseuses, à savoir l'ostéoporose, sont 
actuellement diagnostiquées sur la base de la mesure unique de la densité minérale 
osseuse (DMO) . La DMO est considérée comme un indice de perte de masse osseuse 
et sur cette base comme un prédicteur de fracture ostéoporotique. Cependant, les 
limites des mesures de la DMO ont été clairement reconnues étant donné qu'un 
pourcentage important de fractures ostéoporotiques surviennent chez des patients 
avec une DMO normale. L'os est en effet un matériau poreux et il est largement 
reconnu que la DMO ne peut pas prendre en compte d'autres paramètres 
morphométriques critiques pour le comportement mécanique de l'os. La BMD ne 
prend en compte ni la porosité osseuse, ni la distribution, la forme et l'organisation des 
pores osseux. En conséquence, la communauté scientifique manque encore d'une 
méthode de diagnostic fiable et sensible de la qualité osseuse qui devrait idéalement 
être basée sur des mesures de résistance osseuse in vivo. 

L'imagerie par résonance magnétique (IRM) a été utilisée au cours des dernières 
décennies comme un outil de choix non invasif pour le diagnostic d'un grand nombre 
de troubles et elle est capable de fournir des images très contrastées et très résolues qui 
offrent des informations qualitatives et fonctionnelles. Les développements 
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technologiques récents ont permis d'améliorer encore la résolution de l'image grâce à 
l'utilisation d'un champ magnétique ultra-élevé (7T). Des images d'une résolution de 
150 µm sont désormais disponibles dans un délai raisonnable (10 minutes). Une telle 
résolution a ouvert de nouvelles opportunités pour étudier la microarchitecture 
osseuse et pour évaluer in vivo la densité osseuse trabéculaire. Bien qu'intéressants, 
cet indice (DMO) et les indices correspondants liés à l'épaisseur trabéculaire et à la 
densité trabéculaire n'ont jamais fait l'objet d'une analyse comparative robuste avec 
des mesures in vivo de la résistance osseuse. Une telle analyse comparative devrait 
fournir une base incontestable soutenant le potentiel de l'IRM à ultra-haut champ dans 
le domaine de la qualité osseuse. S'il s'avère que ces indices de microarchitecture 
évalués par une technique non invasive sont liés à la résistance osseuse, ils pourraient 
être utilisés en complément de la DMO, comme indices diagnostiques sensibles et pour 
doser l'efficacité de stratégies thérapeutiques. 

De plus, la qualité osseuse dépend non seulement de la densité et de la morphologie 
de sa phase solide mais aussi d'autres facteurs comme la minéralisation osseuse. Par 
conséquent, une enquête multi échelle et multimodale de l'effet de l'ostéoporose sur 
les os est d'un grand intérêt sachant qu'une meilleure compréhension du mécanisme 
de cette maladie, qui provoque des fractures de fragilité chez 1 femme sur 3 et 1 
homme sur 5 âgés de 50 ans ou plus et est très invalidante, pourrait ouvrir la possibilité 
d'effectuer un diagnostic précoce et de commencer de nouveaux essais thérapeutiques. 

Globalement, il existe un besoin de concevoir de nouvelles approches d'imagerie de 
la résistance osseuse qui pourraient être complémentaires à la DMO. Ces approches 
devraient fournir des informations clés concernant le comportement mécanique et le 
remodelage des os améliorant ainsi la fiabilité et la sensibilité des procédures de 
diagnostic, la stratification des risques et le suivi de la stratégie thérapeutique. 

 
Objectif Général 
L'objectif général de notre étude était d'améliorer le diagnostic in vivo de 

l'ostéoporose par IRM. L'ostéoporose est une maladie osseuse systémique caractérisée 
par une résistance osseuse réduite et une fréquence accrue de fractures de fragilité. 
L'ostéoporose est actuellement diagnostiquée à l'aide d'une absorptiométrie à double 
énergie X qui fournit des informations sur la densité osseuse tandis que pour 
augmenter la précision de l'outil de diagnostic, la microarchitecture osseuse pourrait 
être ajoutée car la structure interne de l'os joue un rôle important dans la résistance 
structurelle. La microarchitecture osseuse pourrait être évaluée in vivo en utilisant à 
la fois la tomodensitométrie à rayons X et l'IRM qui est reconnue comme totalement 
non invasive. Dans cette étude, une analyse multimodale et multi-échelle a été réalisée 
en se concentrant uniquement sur la qualité osseuse du fémur proximal, qui représente 
un site ostéoporotique important, l'un des plus invalidants, et un site anatomique 
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profond difficilement évaluable en utilisant ni la TDM ni l'IRM en raison à sa position, 
loin de la surface de la peau. Cependant, l'IRM UHF pourrait fournir une résolution 
d'image dans la même gamme de travées osseuses également dans ces sites 
anatomiques profonds, qui restent à la place non évaluables à l'aide de techniques de 
tomodensitométrie à haute résolution, c'est-à-dire de tomodensitométrie quantitative 
périphérique à haute résolution (HRpQCT). 

Cette approche multimodale et multi-échelle comprenait i) une numérisation μCT 
de fémurs proximaux cadavériques qui vise à fournir la vérité terrain de l'architecture 
trabéculaire interne, ii) une numérisation IRM des mêmes spécimens à 3T et 7T à des 
fins comparatives et iii) des tests destructifs biomécaniques. Des méthodes de balayage 
supplémentaires telles que la tomographie par rayons X synchrotron, la spectroscopie 
d'absorptiométrie aux rayons X, l'infrarouge à transformée de Fourier et la 
microindentation ont été utilisées dans des spécimens plus petits et ainsi afin d'évaluer 
les propriétés mécaniques des trabécules, le réseau de lacunes des ostéocytes et la 
composition et la structure des cristaux d'hydroxyapatite. La figure I.1 présente la vue 
d'ensemble et le calendrier de ce projet de thèse. En particulier, il est rapporté la 
collecte d'échantillons, le calendrier de soumission et l'acceptation/le rejet des 
propositions de synchrotron pour effectuer un examen plus approfondi à l'échelle 
micro-moléculaire osseuse. Enfin, la figure I.1 rapporte toutes les techniques 
d'expérimentation, leur échelle d'investigation et le chapitre de la thèse où leurs 
résultats correspondants seront présentés et discutés. 

Le premier objectif de la thèse était d'étudier la possibilité d'évaluer la 
microarchitecture du fémur proximal à l'aide de la technologie IRM et d'augmenter la 
précision du diagnostic de l'ostéoporose en utilisant des informations dérivées de la 
morphologie interne de l'os. 

Le deuxième objectif était d'étudier les différences dans la qualité osseuse à l'échelle 
nanométrique et moléculaire pour évaluer à quel niveau l'ostéoporose commence son 
activité de détérioration, fournissant ainsi des implications directes dans la recherche 
préclinique, la stratégie thérapeutique et éventuellement la pratique clinique. 

Afin d'étudier l'os à différentes échelles, plusieurs techniques d'investigation ont été 
appliquées. La macroéchelle a été étudiée en appliquant des modalités d'imagerie et 
des techniques biomécaniques à l'aide d'instruments à disposition dans nos 
laboratoires. Les plus petites échelles ont été étudiées en utilisant à la fois des 
instruments internes ou des appareils d'autres laboratoires après l'établissement d'un 
régime de collaboration basé sur des intérêts mutuels, et des techniques disponibles 
dans les installations synchrotron (spectroscopie d'absorption des rayons X et micro 
tomodensitométrie synchrotron). Cependant, si la collaboration avec différents 
laboratoires a été créée sur la base d'intérêts mutuels et donc immédiate, pour accéder 
aux installations synchrotron, il est nécessaire que la proposition soumise soit acceptée 
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et qu'un temps de faisceau soit attribué. Par conséquent, de la soumission de la 
proposition à l'acceptation, il faut généralement entre 3 et 4 mois et entre 5 et 7 mois 
avant l'heure du faisceau. Ces retards nécessitent une planification méticuleuse des 
expériences et la chronologie de la figure I.1 est nécessaire pour comprendre le motif 
appliqué pour effectuer les essais. 

 
Structure de Manuscript 
Ce manuscrit de thèse vise à caractériser la qualité osseuse à l'aide d'une approche 

multiéchelle et multimodale, en montrant de plus des différences à la fois in vivo, entre 
les patients atteints de troubles osseux et les témoins, et ex vivo à l'aide d'échantillons 
cadavériques sains et ostéoporotiques. Cependant, la collecte d'échantillons 
cadavériques est extrêmement compliquée en raison à la fois de la réglementation 
éthique et du manque effectif de corps humains donnés à la recherche. Par conséquent, 
au cours de ce projet de thèse, il a été tenté d'optimiser les échantillons en notre 
possession par une caractérisation systématique multimodale et multiéchelle. 

 
Le manuscrit est organisé comme suit : 
Le chapitre 1 présente une revue de la littérature, montrant les troubles osseux les 

plus importants et les outils d'investigation. De plus, il décrit l'approche clinique 
conventionnelle et l'applicabilité d'une approche basée sur l'IRM. Enfin, il décrit les 
applications IRM à venir, qui pourraient fournir des biomarqueurs supplémentaires 
pour l'évaluation de la qualité osseuse. 

Le chapitre 2 présente une étude in vivo de l'évaluation de la microarchitecture du 
genou d'un patient atteint de rhumatisme psoriasique. Cette étude montre une 
application directe de l'IRM à ultra-haut champ pour quantifier les anomalies de la 
microarchitecture osseuse chez le patient par rapport aux témoins, présentant de plus 
une évaluation fiable de la qualité osseuse, la stratification du risque de maladie et 
pour le suivi des stratégies thérapeutiques. 

Le chapitre 3, dédié aux matériels et méthodes, présente la base de données 
d'échantillons collectés au cours de la thèse et leur protocole de préparation en fonction 
des techniques expérimentales de caractérisation utilisées. De plus, toutes les 
techniques expérimentales de caractérisation osseuse multiéchelle et multimodale ont 
été présentées. 

Le chapitre 4 présente une étude ex vivo sur la pertinence clinique de l'IRM UHF en 
évaluant la microarchitecture osseuse dans les fémurs proximaux cadavériques. Tout 
d'abord, il décrit le protocole de préparation des échantillons pour les grands fémurs 
cadavériques afin de réduire les artefacts dus aux effets de susceptibilité magnétique, 
puis il montre les techniques de quantification de la morphologie osseuse et l'effet de 
la résolution sur l'analyse morphologique. Enfin, les corrélations entre les mesures 
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cliniques de densité minérale osseuse standard et la morphologie osseuse sont 
présentées. 

Le chapitre 5 présente une étude ex vivo visant à optimiser l'analyse de la 
microarchitecture des fémurs proximaux à partir d'acquisitions IRM. Les paramètres 
de microarchitecture des mêmes fémurs proximaux acquis à l'aide de différentes 
techniques d'imagerie µCT et IRM 3T et 7T et des séquences gradient re-appelées écho 
et turbo spin écho ont été comparés. De plus, il présente la corrélation entre la DMO 
clinique standard et la morphologie osseuse et la DMO dérivée de l'analyse d'images 
et la corrélation entre la morphologie osseuse et la charge de rupture osseuse dérivée 
du test de fracture biomécanique. 

Le chapitre 6 présente une analyse multiéchelle et multimodale de deux cols fémurs, 
un ostéoporotique et un contrôle. Il décrit la qualité osseuse de la macro-échelle (µCT 
à 51 µm3 et 5 µm3) à la micro-échelle (X-ray synchrotron µCT à 0.9 µm3 et 
microindentation) et à l'échelle moléculaire (Fourier Transform Infra-Red). La 
morphologie à l'échelle macroscopique, les changements dans la morphologie et la 
distribution des lacunes des ostéocytes ont été étudiés et les variations dans les 
propriétés mécaniques trabéculaires et dans les types d'hydroxyapatite, les fibrilles de 
collagène et les protéines ont été évaluées. 

Le chapitre 7 présente l'étude des modifications moléculaires de l'hydroxyapatite 
dues à l'ostéoporose. En utilisant la spectroscopie d'absorption des rayons X, le 
Calcium K-edge a été étudié dans 15 échantillons provenant de 5 patients différents (3 
femmes ostéoporotiques et 2 témoins, 1 femme et 1 homme). Les différences dans le 
rapport calcium et phosphore et l'ordre de cristallinité de l'hydroxyapatite ont été 
évaluées quant à leur pertinence dans la classification ostéoporotique/contrôle. 

Enfin, une conclusion générale est présentée comme pour une ouverture à de 
nouvelles perspectives.  Par ailleurs, une conclusion générale chapitre par chapitre est 
également présentée en français. 

 
Chapitre 1 : état de l'art 
Dans ce premier chapitre, il a été présenté la fonction et la structure osseuse en se 

concentrant sur sa hiérarchie multi-échelle. Les principales pathologies osseuses et les 
approches cliniques les plus courantes pour évaluer la qualité osseuse et l'état de santé 
ont été discutées, confirmant les doutes quant à l'utilisation de la DMO dérivée de la 
DXA comme seul outil d'investigation et soutenant la nécessité de fournir des 
informations supplémentaires concernant la microarchitecture osseuse. Ensuite, les 
techniques d'imagerie disponibles ont été présentés pour évaluer la morphologie 
interne de l'os. Les avantages et les inconvénients de chaque technique ont été 
présentées, nous suggérons que l'IRM UHC pourrait être une approche non invasive 
pour résoudre ce problème, bien que rapportant la nécessité d'une résolution du même 
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ordre de dimension des trabécules (100-150 µm). Enfin, de nouvelles techniques d'IRM 
d'investigation ont été rapportées dans des perspectives d'avenir montrant qu’avec 
l’IRM, il serait possible d'évaluer à la fois la microarchitecture osseuse du patient et la 
DMO dans une approche totalement non invasive et sans rayonnement. 

Comme indiqué, la pathologie la plus courante liée aux altérations de la 
microstructure osseuse est l'ostéoporose et c'est donc la pathologie osseuse qu'il a été 
décidé d'étudier au cours de cette thèse. Dans l'ostéoporose, la densité osseuse et le 
volume de segments ou de régions osseuses spécifiques peuvent être progressivement 
réduits. Les patients atteints d'ostéoporose courent un risque élevé d'avoir une ou 
plusieurs fractures de fragilité, ce qui conduit éventuellement à un affaiblissement 
physique et potentiellement à une spirale descendante de la santé physique et mentale. 
Le mécanisme caché de l'ostéoporose est un déséquilibre entre la production et la 
résorption osseuse conduisant à une diminution de la masse osseuse. Habituellement, 
l'os est en constant remodelage et jusqu'à 10 % de la masse osseuse totale peut subir 
un remodelage à tout moment. Une interaction de différents mécanismes sous-tend le 
développement de tissus osseux fragiles, parmi lesquels une masse et une résistance 
insuffisantes pendant la croissance, une résorption osseuse excessive et une formation 
inadéquate d'os nouveau pendant le remodelage sont les plus importantes (Paccou et 
al., n.d.). Les facteurs hormonaux jouent un rôle important dans le taux de résorption 
osseuse comme pour la ménopause qui en raison d'un manque d'œstrogènes 
augmente la résorption osseuse et inhibe la formation d'os nouveau. D'autres facteurs, 
comme le métabolisme du calcium, ont joué un rôle important dans le remodelage 
osseux (Bendtzen 2015). L'os trabéculaire ostéoporotique perd non seulement de la 
densité, mais la microarchitecture est également perturbée, les plus petites trabécules 
se rompant créant des microfissures qui sont remplacées par des os plus faibles 
(Osterhoff et al. 2017). L'os cortical, lorsqu'il est atteint d'ostéoporose, diminue sa 
densité, perd une partie de sa résistance et de sa rigidité. Les sites les plus souvent 
touchés par les fractures ostéoporotiques sont le poignet, la colonne vertébrale et la 
hanche et se caractérisent par un rapport os trabéculaire/os cortical relativement élevé. 
Les sites de fracture reposent sur l'os trabéculaire pour la résistance et l'absorption de 
la charge, car ils correspondent aux articulations (Oftadeh et al. 2015). Le remodelage 
intense de ces régions osseuses provoque une dégénérescence progressive de ces zones 
lorsque le remodelage est déséquilibré. La dégradation osseuse est censée commencer 
entre 30 et 35 ans et les femmes peuvent en perdre jusqu'à 50 % tandis que les hommes 
environ 30 % (Koda-Kimble et al. 2008). L'ostéoporose peut être liée au vieillissement, 
en particulier chez les femmes ménopausées, ou peut survenir à la suite d'affections 
spécifiques, à savoir le diabète, l'anorexie mentale et l'obésité ou des traitements, 
comme la corticothérapie (Fig. 1.9). En effet, l'ostéoporose induite par les corticoïdes 
est la forme la plus fréquente d'ostéoporose secondaire et la première cause chez les 
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jeunes. La perte osseuse survient tôt après le début de la corticothérapie et est corrélée 
à la dose et à la durée du traitement (Bartl and Bartl 2017). Les fractures de fragilité ont 
été associées à une mortalité précoce et à une morbidité accrue ayant un effet 
significatif sur la qualité de vie des patients atteints de diabète (Keenan and Maddaloni 
2016; S. C. Chen et al. 2019; Abdalrahaman et al. 2017), d'anorexie mentale (Singhal et 
al. 2018; Fazeli and Klibanski 2019) et d'obésité (Fintini et al. 2020; Cordes et al. 2016; 
2015). De la même manière que l'ostéoporose, qui est l'objectif principal de cette thèse 
et qui est analysée plus en détail dans les chapitres suivants, le rhumatisme psoriasique 
est une maladie osseuse responsable de la dégradation des travées osseuses. Le 
rhumatisme psoriasique est ici introduit car avant le début de cette thèse, un patient 
atteint de rhumatisme psoriasique et huit témoins appariés selon le sexe et l'âge ont 
été acquis par IRM UHC au niveau du genou. Cette étude a été achevée au début de 
cette thèse, lorsque le patient a été évalué en utilisant l'IRM UHC une deuxième fois 
après un an de traitement. Les images IRM de cette étude clinique ont été utilisées pour 
étudier la microarchitecture du genou et les paramètres récupérés ont été comparés 
entre le patient et les témoins pour évaluer l'applicabilité de l'IRM à la fois à 
l'évaluation de la microarchitecture osseuse in vivo et au suivi des stratégies 
thérapeutiques. Cette étude a montré à la fois les limites et les potentialités de 
l'évaluation de la microarchitecture osseuse in vivo en utilisant la technologie 
d'imagerie par résonance magnétique au début de cette thèse. 
 

Chapitre 2 : évaluation des modifications in vivo de la 
microarchitecture osseuse chez un patient atteint de psoriasis 
arthritique traité par anti-TNFα 

Dans ce chapitre, les limites et les potentialités de l'applicabilité in vivo de l'IRM 
pour l'évaluation de la microarchitecture osseuse ont été montrés. Tout d'abord, les 
limitations techniques de l'IRM ont été exploitées, les séquences GRE ont été utilisées 
afin d'évaluer tout le volume du genou en un seul balayage, mais la résolution de 
l'image n'était pas suffisante pour résoudre la morphologie interne de l'os. Cependant, 
cet article a montré que l'IRM UHC était capable d'évaluer les caractéristiques osseuses 
les plus courantes et, à partir de leur analyse, de discriminer le patient PsA des 
témoins. De plus, il a été démontré l'amélioration de la qualité osseuse après un an de 
traitement montrant ainsi l'utilisation potentielle de l'IRM pour la stratification du 
risque de maladie et pour le suivi de la stratégie thérapeutique (Fig. 2.4). Ce chapitre a 
montré la valeur supplémentaire que l'imagerie IRM UHC de la microarchitecture 
osseuse pourrait apporter à la pratique clinique dans l'évaluation de la qualité osseuse, 
signalant toutefois le besoin d'amélioration et d'optimisation des techniques à la fois 
dans la séquence d'acquisition et les configurations, mais aussi dans l'analyse 
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d'images. . L'investigation de différentes séquences IRM, mais aussi l'optimisation 
entre résolution d'image, temps d'acquisition, taux d'absorption spécifique, SNR, … 
est d'un grand intérêt pour augmenter l'applicabilité in vivo de l'évaluation de la 
microarchitecture osseuse dans la pratique clinique. 

Dans le chapitre suivant, toutes les techniques expérimentales et les configurations 
qui ont été appliquées dans ce projet de thèse ont été présentés . Le premier objectif 
était d'évaluer la qualité osseuse et de fournir une approche optimisée pour 
l'utilisation de l'IRM UHC pour l'évaluation de la microarchitecture osseuse des 
fémurs proximaux dans la pratique clinique. De plus, le deuxième objectif était 
d'étudier l'effet de l'ostéoporose sur la structure osseuse hiérarchique à plusieurs 
échelles. 

 

Chapitre 3 : matériaux et méthodes 
Dans le présent chapitre ont été rapportés tous les échantillons collectés, les 

techniques expérimentales utilisées, et les protocoles de préparation spécifiques à 
chaque technique. Les techniques expérimentales rapportées ont été divisées en trois 
groupes principaux, c'est-à-dire à l'échelle macro, micro et nano/moléculaire, en 
fonction de l'intérêt de la recherche. A l'échelle macroscopique ont été proposées deux 
techniques d'imagerie différentes (imagerie par résonance magnétique et de 
microtomographie à rayons X) et un test biomécanique pour l'ensemble du fémur 
proximal qui simule la chute latérale sur le grand trochanter. L'investigation 
microscopique du fémur proximal a été réalisée sur de multiples sous-échantillons 
extraits de trois régions différentes du fémur proximal (grand trochanter, col fémoral 
et tête fémorale) sur la base de tomographie à rayons X et de tests de microindentation 
sur les travées. Le SRµCT est capable de réduire la taille des pixels de l'image afin de 
résoudre complètement la microarchitecture osseuse et de caractériser les lacunes des 
ostéocytes tandis que la microindentation est capable de caractériser les propriétés 
matérielles des trabécules. Les échelles nanométrique et moléculaire ont été étudiées 
sur la base de deux techniques spectroscopiques appliquées à de petits échantillons 
extraits des trois régions fémorales proximales décrites précédemment. La 
spectroscopie d'absorption des rayons X a été réalisée pour étudier les changements 
autour du calcium du cristal d'hydroxyapatite osseux dus à l'ostéoporose, tandis que 
la transformée de Fourier infrarouge visait à évaluer les différences dans les propriétés 
minérales osseuses généralement signalées comme le rapport minéral sur matrice, la 
maturité minérale/ cristallinité et la maturité du collagène. Enfin, le dernier 
paragraphe rapportait l'analyse d'images réalisée pour caractériser la 
microarchitecture osseuse à partir d'images IRM et µCT, et les lacunes des ostéocytes 
évaluées à l'aide de SRµCT. En particulier, il a été rapporté que le processus 
d'enregistrement identifie deux images (une IRM et une µCT) représentant la même 
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région d'intérêt de sorte que l'analyse de la microarchitecture soit effectuée dans les 
mêmes régions fémorales proximales et que l'analyse morphologique soit comparable. 
De plus, les paramètres microarchitecturaux généralement récupérés dans la 
littérature ont été analysés, mesurés à l'aide d'une approche optimisée utilisant le 
logiciel iMorph qui fournit une précision sub-voxel. Un nouveau paramètre 
d'interconnectivité trabéculaire capable de fournir des informations sur l'adaptabilité 
osseuse à contraintes provenant de différentes directions est proposé. Enfin, il a été 
présenté deux techniques rapportées dans la littérature capables de réduire la 
résolution de l'image dans le post-traitement en divisant chaque pixel d'origine en 
quatre nouveaux sous-pixels tout en appliquant strictement la conservation de la 
masse osseuse. 

Dans la figure 3.1, il a été présenté un aperçu de cette étude de thèse de doctorat, 
montrant comment les échantillons collectés ont été répartis entre les différentes 
études et examens dans le soucis de l’utilisation optimale de la banque d’échantillons 
pour ce projet de recherche. Dans le chapitre suivant, il est présenté une étude sur le 
protocole de préparation optimisé pour l'acquisition IRM de grands échantillons 
cadavériques et en particulier des fémurs proximaux. De plus, on évalue l'effet de la 
résolution de l'image sur l'évaluation des paramètres microarchitecturaux. L'étude 
présentée au chapitre 4 visait à valider le protocole de préparation d'échantillons 
développé pour de grands échantillons d'os cadavériques, et à identifier la limite de 
résolution d'image nécessaire pour caractériser la microarchitecture interne de l'os. 

 

Chapitre 4 : évaluation de la microarchitecture osseuse dans 
les fémurs humains cadavériques frais : quelle pourrait être la 
pertinence clinique de l'IRM à ultra-haut champ ? 

Dans ce chapitre, nous avons signalé la nécessité d'effectuer de grandes acquisitions 
d'images cadavériques pour étudier les difficultés et les potentialités de l'application 
de la technologie RM sur les os in vivo. Cependant, l'acquisition de gros os 
cadavériques présente plusieurs problèmes, le plus important est le processus de 
décomposition responsable de la génération de bulles d'air entre les travées. Les bulles 
d'air piégées entre les trabécules lors de l'examen par IRM créent des artefacts dus à 
l'effet de susceptibilité à l'air. Par conséquent, la nécessité de développer un protocole 
de préparation des échantillons pour réduire les artefacts dus aux bulles d'air est de la 
plus haute importance. Dans le présent chapitre, il a été présenté un protocole de 
préparation conçu pour de grands échantillons anatomiques cadavériques et le 
protocole a été validé à l'aide d'une analyse d'image µCT. 

Le deuxième objectif de ce chapitre était d'étudier l'effet de la résolution dans 
l'analyse d'images de trabécules. Pour ce faire, les images µCT ont été dégradées de 
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deux à trois fois et les paramètres morphologiques dérivés ont été comparés entre 
différentes images de résolution et entre techniques (µCT vs. IRM). Cette étude avait 
un double objectif, le premier était d'individuer la limite de résolution nécessaire pour 
caractériser la microarchitecture osseuse et le second objectif était d'évaluer si le µCT 
et l'IRM fournissaient les mêmes informations morphologiques osseuses. L'approche 
conçue a révélé que l'IRM et le µCT pouvaient être utilisés pour évaluer la 
microarchitecture osseuse, mais il est important de concevoir les deux techniques 
d'acquisition d'images pour avoir une taille de pixel dans le plan comprise entre 100 
et 150 µm indépendamment de l'épaisseur du pixel. 

Enfin, ce chapitre a présenté un nouveau paramètre trabéculaire, à savoir 
l'interconnectivité trabéculaire, qui décrit la variabilité angulaire autour de la direction 
trabéculaire principale. Il a été démontré que la Tb.Int est corrélée avec la DMO dérivée 
de la DXA clinique standard, tandis que tous les autres paramètres morphologiques 
étudiés ont montré une faible corrélation. Par conséquent, notre hypothèse selon 
laquelle la microarchitecture osseuse pourrait fournir des informations 
supplémentaires sur la DMO dans la pratique clinique a été davantage étayée. 

L'IRM est un outil puissant pour la quantification de la morphologie des tissus de 
manière non invasive. Cependant, lorsque la taille du voxel est plus grande que la 
structure analysée, un flou de volume partiel se produit, ce qui complique la précision 
des mesures. Des acquisitions à plus haute résolution sont possibles mais aux frais du 
SNR et ne présentent donc pas une alternative intéressante. Les contraintes de 
résolution restent l'obstacle majeur au développement de l'IRM comme outil de 
quantification in-vivo de la microarchitecture osseuse trabéculaire, dans le but final 
d'augmenter la prédiction du risque de fracture. Comme l'épaisseur trabéculaire (80 - 
150 micro ? µm) est généralement inférieure à la taille de voxel réalisable in-vivo 
(environ 150 m), il est difficile d'obtenir des informations structurelles précises. 

Dans le présent travail, parmi les techniques d'amélioration de la résolution d'image 
applicables au post-traitement présentes dans la littérature, nous avons identifié et 
testé le traitement sous-voxel (SubVoxel) et l'interpolation remplie de zéro (ZFI) ou 
interpolation Sinc. Les deux techniques d'amélioration de la résolution ont été 
appliquées à la fois aux images µCT et IRM de trois fémurs proximaux différents. Les 
images ont été analysées à l'aide d'iMorph récupérant le BVF, l'épaisseur et 
l'espacement trabéculaires. Les caractéristiques ont été comparées à celles dérivées des 
images originales de µCT et d'IRM. 

Les images améliorées en résolution µCT ont montré des paramètres 
morphologiques dans la même gamme que ceux dérivés à l'aide de l'original. En 
particulier, les erreurs commises sur les paramètres morphologiques étaient toujours 
inférieures à 8%, les images rehaussées par interpolation Sinc montraient une BVF et 
une Tb.Th réduites (-4% que la référence µCT) et une Tb.Sp augmentée (+7%). Les 
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images µCT améliorées à l'aide de la résolution SubVoxel ont montré une 
augmentation de la BVF (+2 %) et une réduction de la Tb.Th et de la Tb.Sp (-7% et -6% 
respectivement) par rapport à la référence µCT. Des résultats similaires ont été évalués 
en comparant les images IRM rehaussées à la référence IRM. Les erreurs commises 
étaient toujours inférieures à 8%. En particulier, les images IRM améliorées à l'aide de 
l'interpolation Sinc ont montré une réduction de BVF (-1%) et de Tb.Sp (-3%) et une 
augmentation de Tb.Th (+5%), tandis que les images améliorées à l'aide de la technique 
SubVoxel ont montré une augmentation de BVF et Tb.Th (+6% et +4% respectivement) 
et Tb.Sp réduit (-8%). L'analyse statistique réalisée à l'aide du test T de Student n'a 
montré aucune différence significative entre les images originales et améliorées en 
utilisant à la fois les techniques d'interpolation Sinc et de SubVoxel pour toutes les 
caractéristiques morphologiques analysées. 

L'analyse d'image a montré que l'interpolation Sinc et la résolution SubVoxel 
fournissaient des images deux fois plus grandes que l'original, fournissant ainsi des 
images avec une demi-dimension de pixel. De plus, les résultats ont montré des erreurs 
sur le BVF inférieures à 4% et jamais statistiquement différentes des images originales, 
ce qui signifie que la masse osseuse a été conservée en utilisant les deux techniques à 
résolution améliorée. Des différences légèrement plus élevées ont été signalées pour 
les caractéristiques morphologiques telles que Tb.Th et Tb.Sp. En particulier, les 
erreurs commises absolues à l'aide d'images µCT atteignaient jusqu'à 7 % pour le Tb.Sp 
récupéré à l'aide d'images µCT interpolées Sinc, tandis qu'en utilisant des images IRM, 
les erreurs commises absolues atteignaient jusqu'à 8 % pour le Tb.Sp récupéré à l'aide 
de l'IRM améliorée SubVoxel. Les deux techniques se sont révélées appropriées pour 
réduire la dimension des pixels tout en conservant la masse osseuse, mais les images 
améliorées n'ont pas fourni d'informations supplémentaires ni d'informations plus 
fiables sur la morphologie osseuse, tandis que le temps nécessaire pour obtenir les 
résultats morphologiques a été quadruplé. Des articles précédents ont montré la 
possibilité d'améliorer la résolution de l'image en utilisant à la fois les techniques 
d'interpolation Sinc (Yaroslavsky 2002; Khaire and Shelkikar 2013) et de résolution 
SubVoxel (Hwang and Wehrli 2002) en rapportant des contours mieux définis. Hwang 
et al. sur une étude menée à l'aide d'images IRM (137x137x350 µm) de deux rayons a 
rapporté que l'application de la résolution SubVoxel atténue avec succès le flou de 
volume partiel dans les images tomographiques de systèmes binaires (Hwang and 
Wehrli 2002), cependant les paramètres morphologiques ont été obtenus à l'aide 
d'images qui ont été binarisées à l'aide d'un seuil sélectionné manuellement alors que 
dans notre cas un seuil local adapté a été utilisé pour la binarisation des images IRM. 
De plus, l'application de la carte d'ouverture à l'aide d'iMorph est capable de fournir 
une analyse morphologique utilisant une précision subvoxel qui pourrait également 
expliquer pourquoi, dans notre cas, les paramètres morphologiques évalués à l'aide de 
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µCT et d'IRM n'ont pas changé après l'application de techniques d'amélioration de 
l'image. L'interpolation sinc s'est avérée fournir le même effet de flou que celui 
rapporté à l'aide de la résolution SubVoxel sur la caractérisation des contours de la 
structure en utilisant à la fois l'IRM (Puri, n.d.) et la tomodensitométrie (Zoroofi et al. 
2003) mais elle a été principalement appliquée pour augmenter la taille des voxels dans 
les axes z plutôt que dans le plan. Dans notre cas, l'augmentation de la taille des pixels 
dans le plan à l'aide de l'interpolation Sinc et l'analyse des images à l'aide de la 
précision subvoxel fournie par la carte d'ouverture n'ont pas montré d'amélioration de 
l'analyse morphologique des structures osseuses. 

L'IRM UHF s'est avérée fournir des images de résolution capables d'acquérir des 
travées osseuses, cependant une approche optimisée pour l'évaluation de la 
microarchitecture osseuse est d'un grand intérêt. Par conséquent, le chapitre suivant 
se concentre sur l'analyse morphologique osseuse de trois fémurs proximaux 
cadavériques acquis en utilisant différents champs magnétiques principaux (3T vs. 7T) 
et séquences d'impulsions (TSE vs. GRE) IRM. La comparaison entre les différentes 
intensités de champ principal de l'IRM et la séquence µCT de référence fournirait la 
configuration IRM optimale qui pourrait également être appliquée dans la pratique 
clinique. 

 

Chapitre 5 : validation et optimisation de l'analyse de la 
microstructure des fémurs proximaux à l'aide d'IRM à haut 
champ et à ultra-haut champ 

Dans ce chapitre, il a été présenté une approche optimisée pour l'évaluation de la 
microarchitecture osseuse des fémurs proximaux. Il a été montré qu'en utilisant l'IRM 
UHF les paramètres morphologiques obtenus étaient comparables à ceux dérivés de 
la référence µCT, cependant ce n'était pas le cas pour l'IRM à 3T. L'effet de séquence a 
également été exploité, montrant que les séquences TSE sont moins sujettes aux effets 
de volume partiel et doivent être préférées à celles GRE. Les différentes acquisitions 
IRM ont été réalisées en réduisant la taille des pixels à la limite de la machine et de la 
séquence dans un temps d'acquisition applicable in vivo. Le résultat obtenu soutient 
en outre l'hypothèse selon laquelle pour évaluer les travées osseuses, la résolution de 
l'image doit être du même ordre que l'épaisseur trabéculaire. 

La technologie RM est un domaine en développement dont l'objectif principal est 
de fournir de meilleurs outils de diagnostic tout en augmentant le confort du patient. 
Au cours des dernières décennies, les avantages techniques se sont concentrés sur 
l'augmentation de l'intensité du champ principal de l'IRM jusqu'au nouveau 7T qui a 
également été lancé pour une utilisation clinique. L'augmentation de l'intensité du 
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champ principal fournit un SNR plus élevé tout en gardant le temps d'acquisition 
presque constant et n'affectant donc pas le confort du patient. 

Les images précédemment rapportées dans ce manuscrit ont été acquises à l'aide du 
7T MAGNETOM (Siemens Healthineers, Allemagne) qui était une machine UHF MR 
à usage de recherche uniquement. Comme indiqué précédemment, le 7T 
MAGNETOM a été en mesure d'évaluer la microarchitecture du fémur proximal, 
présentant toutefois certaines limites, à savoir le nombre d'images acquittables par 
session de balayage était limité par le dépôt SAR et le temps d'acquisition était à 
l'extrême limite de l'applicabilité in vivo. Tout récemment, un nouveau scanner UHF 
MR, le 7T MAGNETOM Terra (Siemens Healthineers, Allemagne) est sorti pour une 
utilisation clinique. L'application du protocole de numérisation présenté 
précédemment a montré de grands avantages par rapport au scanner décrit 
précédemment. Le dépôt SAR sur les patients a été considérablement réduit, 
permettant l'acquisition d'un nombre accru d'images par un seul balayage (de 10 à 20) 
ce qui a permis l'acquisition de la quasi-totalité du fémur proximal en une seule séance 
et le temps d'acquisition a été réduit à 11:59 min conduisant à un temps d'acquisition 
plus acceptable pour l'applicabilité des patients. Cependant, la qualité de l'image est 
restée inchangée. 

Les avantages techniques qui viennent d'être décrits ont fourni des images IRM 
d'une qualité comparable à celles d'avant, mais ils ont permis l'acquisition de 
l'ensemble du fémur proximal en un seul balayage et en utilisant un temps 
d'acquisition plus acceptable pour les patients. Par conséquent, le confort du patient et 
l'applicabilité du protocole dans la pratique clinique ont augmenté. 

Dans le chapitre suivant, il est présenté une analyse multiéchelle et multimodale de 
deux cols proximaux du fémur (un ostéoporotique et un sain). Le col fémoral a été 
choisi car il représente l'une des régions anatomiques les plus touchées par 
l'ostéoporose et une à haut risque de mortalité. L'analyse multi-échelle décrit la 
morphologie osseuse de la macro-échelle à la micro-échelle avec l'évaluation de la 
morphologie et de la distribution des lacunes des ostéocytes. De plus, la qualité 
osseuse a également été évaluée par une approche multimodale et les propriétés 
mécaniques trabéculaires ont été évaluées par microindentation tandis que la 
minéralisation et l'accumulation de carbonate ont été exploitées par FTIR. 

 

Chapitre 6 : imagerie multi-échelle du col fémoral et 
caractérisation de la qualité des trabécules multimodales d'un 
sujet sain ostéoporotique et apparié selon l'âge 

Dans ce chapitre, il a été montré que l'ostéoporose pouvait avoir un impact différent 
dans différentes sous-régions proximales du fémur. En particulier, à partir des essais 
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de micro-indentation, il a été montré que la sous-région FN était la première région 
avec une augmentation de l'activité de remodelage osseux et donc la sous-région la 
plus touchée par l'ostéoporose. Enfin, l'analyse qualitative ATR-FTIR des spectres a 
suggéré une composition chimique comparable entre les sous-régions et quel que soit 
l'état de santé des os. 

Il aurait été intéressant de comparer les propriétés osseuses et les caractéristiques 
des lacunes des ostéocytes de la phase corticale ostéoporotique et témoin avec les 
mêmes propriétés dérivées des travées. Cependant, alors que la microindentation et le 
FTIR dans la phase corticale sont prévus pour les mois suivants, les décalages accordés 
pour le temps de faisceau au synchrotron ELETTRA, étaient conçus pour évaluer 
uniquement la phase trabéculaire, laissant un petit temps supplémentaire. 
Heureusement, dans ce temps supplémentaire, nous avons réussi à évaluer la phase 
corticale du sujet ostéoporotique, qui a donc été acquise à la fois à 5 et à 0.9 µm3. 
L'analyse d'images SRµCT des images acquises à 5 µm3 a rapporté une épaisseur 
corticale de la partie supérieure sur le col fémoral de 0.65±0.22 mm qui était dans la 
même gamme que le Ct.Th dérivé de l'analyse du col fémoral entier à 51 µm3. De plus, 
la phase trabéculaire à proximité de la coquille corticale a confirmé les fortes 
inhomogénéités des trabécules en fonction de leur position dans l'anatomie osseuse. 
En particulier, comme indiqué dans le tableau 6.4, la phase trabéculaire proche de la 
coque corticale par rapport à la phase trabéculaire du noyau fémoral central a montré 
une Tb.Sp réduite (-30%) et une augmentation de la FV (+133%) et de la Tb.Th (+ 27%). 

L'analyse d'images réalisée sur les lacunes des ostéocytes corticaux acquis à 0,9 µm3 
a montré quelques différences avec celles issues de la phase trabéculaire. La phase 
corticale (Fig. 6.12), par rapport à la phase trabéculaire, a montré une densité OL (-
18%) et une région d'action (-6%). De plus, alors que l'OL cortical montrait un volume 
et une surface plus petits (-10% et -9% respectivement), aucune différence statistique 
n'a été évaluée. Enfin, alors qu'aucune différence n'a été évaluée dans la forme de l'OL 
intégré dans les trabécules entre le sujet ostéoporotique et le sujet sain, de petites 
différences (jusqu'à 10 %) ont été évaluées dans les axes principaux et la forme de l'OL 
(jusqu'à -7% pour b /c) entre la phase corticale et trabéculaire. Cependant, ces 
différences n'ont jamais été statistiquement significatives. 

Dans le chapitre suivant, il est rapporté une étude multiéchelle et multimodale 
menée sur de petits spécimens (grand trochanter, col fémoral et tête fémorale) extraits 
de cinq fémurs proximaux (de Sample01 à Sample05). Les échantillons extraits ont 
d'abord été scannés à l'aide de µCT à 25 µm3 pour résoudre complètement la 
morphologie trabéculaire, puis la composition moléculaire de l'hydroxyapatite a été 
étudiée en effectuant une spectroscopie d'absorption des rayons X du Calcium K-edge. 
Cette technique a permis de caractériser le rapport calcium/phosphore et de récupérer 
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des informations qualitatives sur le cristal d'hydroxyapatite afin d'étudier les 
modifications de la cristallinité de l'HA. 

 

Chapitre 7 : évaluation du risque de fracture dans le fémur 
proximal basée sur la microarchitecture osseuse et 
l'investigation de la cristallinité de l'hydroxyapatite : une 
approche multimodale et multi-échelle 

Dans cette étude, il a été caractérisé qualitativement la cristallinité HA dans le 
réseau trabéculaire de trois sous-régions fémorales proximales différentes en profitant 
de la spectroscopie d'absorption des rayons X des Ca K-edge à l'échelle micrométrique. 
Les informations obtenues ont été comparées à la biomécanique et à la morphologie 
osseuses pour évaluer si les informations fournies augmenteraient la prédictivité de 
l'évaluation du risque de fracture du fémur proximal. Nos résultats suggèrent 
qu'aucun changement stoechiométrique dans la composition chimique de l'AH ne 
peut être associé à la maturation minérale, au site anatomique ou à une maladie 
(ostéoporose). Cependant, à partir de l'analyse de chaque caractéristique extraite de 
XAS, il a été montré que bien qu'aucun changement atomique de l'HA ne puisse être 
associé à l'ostéoporose, des changements pourraient être associés à l'ordre local et à la 
microarchitecture du cristal HA. Enfin, l'ACP réalisée à l'aide de la DMO de référence 
clinique et de la morphologie trabéculaire a fourni une séparation claire des 
échantillons en fonction de leur qualité de santé osseuse, suggérant que la combinaison 
de ces deux propriétés osseuses pourrait améliorer la fiabilité du diagnostic de 
l'ostéoporose et l'évaluation du risque de fracture. 
 

Conclusion General 
L'ostéoporose est une pathologie osseuse systémique qui est responsable d'exposer 

à un risque élevé de fracture plus de 300 millions de personnes d'ici 2040. Par 
conséquent, un diagnostic précoce de l'ostéoporose est de la plus haute importance car 
cela augmenterait la qualité de vie de nombreux patients. Dans cette étude, il a été 
présenté une approche optimisée pour le diagnostic de l'ostéoporose qui vise à ajouter 
la morphologie interne des trabécules à la référence clinique standard, c'est-à-dire la 
densité minérale osseuse, en utilisant la technologie d'imagerie par résonance 
magnétique, qui par rapport à la DXA et la qCT représentent une non -alternative 
invasive et sans rayonnement. 

Cette étude a d'abord évalué la possibilité d'acquérir la morphologie des trabécules 
à l'aide de la technologie d'imagerie par résonance magnétique, montrant que la 
qualité osseuse et l'effet de l'administration du traitement sur un patient atteint de 
rhumatisme psoriasique étaient évaluables. Cependant, la même première étude a 
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également signalé les limites de cette technique d'imagerie où, en raison de la 
différence entre la résolution de l'image et la dimension des travées, la morphologie 
interne de l'os n'était pas complètement résolue. 

Pour évaluer de manière fiable la qualité osseuse dans des situations saines et 
pathologiques dans le but d'améliorer le diagnostic in vivo, les études ex vivo de gros 
os cadavériques sont de la plus haute importance. Le premier problème sur l'étude des 
gros os cadavériques à l'aide de l'imagerie par résonance magnétique concerne les 
artefacts de bulles d'air causés par la décomposition osseuse. Dans notre étude, une 
procédure sous vide capable de remplacer l'inclusion de bulles d'air par une solution 
saline de Gd-DTPA 1 mM qui imite la réponse magnétique de la moelle osseuse a été 
conçue et validée par analyse d'images. Ensuite, la limite de résolution d'image qui 
permettrait de résoudre les travées osseuses a été étudiée, montrant qu'une taille de 
pixel minimale de 0,150 mm dans le plan est nécessaire pour évaluer les travées 
osseuses. Fait intéressant, le nouveau paramètre introduit basé sur l'interconnectivité 
trabéculaire a montré une forte corrélation avec la charge de fracture, prouvant que 
l'organisation structurelle et les paramètres morphologiques pouvaient fournir des 
informations supplémentaires, plutôt qu'analogues, à la DMO clinique standard pour 
une vue plus complète de l'état de santé et de la qualité des os. Une fois déterminée la 
taille de pixel minimale pour acquérir la morphologie trabéculaire, le deuxième 
problème d'investigation était d'identifier l'intensité du champ IRM et la séquence 
d'impulsions qui différencient mieux les phases osseuses et médullaires. Par 
conséquent, l'intensité de champ et la séquence d'impulsions caractérisées par une 
sensibilité réduite aux effets de volume partiel et à l'élargissement induit par la 
susceptibilité des travées ont été étudiées en utilisant différentes intensités de champ 
IRM (3T vs 7T) et des séquences d'impulsions (GRE vs TSE). Les résultats ont montré 
qu'en utilisant la séquence TSE à l'IRM 7T, les paramètres morphologiques acquis 
étaient comparables à ceux dérivés de l'étalon-or µCT. Par conséquent, une approche 
optimisée pour l'évaluation morphologique osseuse a été proposée. 

Attesté que la morphologie osseuse pourrait être évaluée et fournir des 
informations supplémentaires à la DMO clinique, et donc pourrait améliorer le 
diagnostic et la prédiction du risque de fracture. Les modifications osseuses liées à 
l'ostéoporose à des échelles inférieures (micro-, nano- et moléculaire) ont été abordées. 
Il est intéressant de noter que l'analyse menée sur les lacunes des ostéocytes de la 
trabécule et les propriétés mécaniques du col fémoral n'ont montré aucun changement 
en fonction de l'état clinique de l'os. Cependant, nos résultats ont montré que le col 
fémoral entraînait une sous-région proximale du fémur fortement affectée par 
l'ostéoporose avec un processus de remodelage osseux accru par rapport à la tête 
fémorale et au grand trochanter, confirmant la fréquence plus élevée de fractures de 
fragilité dans la FN par rapport à la FH et la GT. De plus, l'étude moléculaire a montré 
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qu'aucun changement stoechiométrique dans la composition chimique de l'HA ne 
pouvait être associé à la maturation minérale, au site anatomique ou à l'ostéoporose, 
tandis que les changements dans l'HA pouvaient être associés à l'ordre cristallin et à 
la microarchitecture de l'HA. De plus, l'analyse en composantes principales menée sur 
les trois sous-régions fémorales proximales différentes de 5 sujets a montré que les 
sous-régions FN saines migraient toujours en fonction de l'ostéoporose. Enfin, l'ACP 
réalisée à l'aide de paramètres BMD et morphologiques a montré une séparation claire 
des échantillons basée sur la qualité de la santé osseuse, confirmant que la combinaison 
de ces deux propriétés osseuses pourrait améliorer la fiabilité du diagnostic de 
l'ostéoporose et l'évaluation du risque de fracture. 

Pour mieux comprendre les implications des changements nanométriques et 
moléculaires de l'HA dus à l'ostéoporose, des études futures pourraient aborder les 
propriétés structurelles des plaquettes minérales osseuses et des fibrilles de collagène 
à l'échelle nanométrique et la composition chimique de l'HA. Les propriétés 
structurelles des plaquettes minérales osseuses et des fibrilles de collagène ont pu être 
évaluées à l'aide des techniques de diffusion synchrotron aux petits angles des rayons 
X (SAXS) et de diffraction des rayons X aux grands angles (WAXD). De plus, la 
composition chimique de l'HA et l'influence possible de différents substituts dans le 
processus de remodelage osseux pourraient être évaluées à l'aide de la spectroscopie 
d'absorption atomique (AAS) qui est une technique analytique utilisée pour la 
détermination quantitative et qualitative des ions métalliques en solution. Les travaux 
futurs pourraient également augmenter la population de l'échantillon en répartissant 
les échantillons en fonction de la qualité osseuse et du sexe des patients, et prendre en 
compte à la fois la phase corticale osseuse et trabéculaire. Enfin, comme présenté au 
chapitre 1.4, des techniques d'IRM prometteuses pourraient être utilisées pour évaluer 
de manière non invasive et in vivo la quantification de la graisse de la moelle osseuse, 
la composition minérale osseuse, l'eau liée et interstitielle, et la quantification de la 
susceptibilité magnétique, fournissant des informations sur l'os, la santé, la qualité et 
l'activité métabolique. 

Pour conclure, dans cette thèse, le pouvoir diagnostic de l'ostéoporose dans les 
segments osseux profonds, comme le fémur proximal, a été augmenté en ajoutant à la 
référence clinique dérivée de la DXA-DMO, la morphologie interne de l'os évaluée à 
l'aide d'une approche d'imagerie IRM optimisée, une technologie clinique in vivo et 
non invasive. De plus, l'analyse du fémur proximal à des échelles d'investigation 
inférieures a montré que le col fémoral est la première région fémorale proximale 
touchée par l'ostéoporose et avec une activité de remodelage osseux accrue, et donc la 
plus probablement exposée aux fractures de fragilité. Enfin, l'activité de remodelage 
osseux altérée devrait être liée à des changements dans l'ordre et la microarchitecture 
des cristaux de HA plutôt qu'à la composition chimique. 
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