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Sitting quietly, doing nothing, Spring comes and the grass rows, by itself. 

- Basho 
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Abstract 

Knee osteoarthritis (OA) is a major public health burden and improving disease 

management will in part depend on the development of enhanced imaging techniques. Knee 

OA has long been described as simple disruption of cartilage, but is now considered as a 

disease of the whole joint. As such, a research priority for knee OA is the assessment of all 

tissues involved in its pathogenesis. In particular, bone alterations have been recognized 

for their contribution to the pathogenesis of OA, but their exact role is unclear due to current 

imaging limitations. Notably, the current methods to assess bone properties such as 

subchondral bone mineral density (sBMD) rely on imaging modalities and analyses that do 

not support the characterization of spatial variations. As such, implementing computational 

anatomy algorithms to characterize bone data could improve our understanding of the 

bone’s role in the pathogenesis of OA. Furthermore, recent models in integrated OA 

research have stressed the role of relationships between components of the knee in 

maintaining joint homeostasis. Assessing the spatial relationships between components 

could provide crucial in vivo evidence supporting these models. The objective of this thesis 

was therefore to propose computational anatomy methods allowing a more comprehensive 

assessment of bone alterations, as well as their spatial relationship to cartilage thickness 

(CTh), a biomarker for cartilage health. The evaluation of the algorithms’ reproducibility 

indicated their suitability for research and clinical applications. The assessment of sBMD 

and CTh in knees of various OA severity indicated a coherent pattern of local variations, 

while the assessment of the relationship provided in vivo support for integrated OA models. 

Overall, this thesis work provided novel bone data, as well as methods that could provide 

a more comprehensive assessment of the joint status through the characterization of spatial 

variations in tissue properties.   
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Résumé  

La gonarthrose représente actuellement un problème majeur de santé publique, et l'amélioration 

de sa prise en charge dépendra en partie de la capacité à améliorer les techniques d'imagerie. Si 

cette maladie a longtemps été décrite comme une simple destruction du cartilage, elle est maintenant 

considérée comme une maladie complexe affectant l'ensemble de l'articulation. Une priorité 

actuelle de la recherche dans ce domaine est l'évaluation de tous les tissus impliqués dans son 

développement. Les altérations osseuses, en particulier, sont reconnues comme contribuant à la 

pathogenèse de la maladie, mais leur rôle exact n'est pas clair en raison de limitations actuelles. En 

particulier, l'évaluation des propriétés de l'os, telle que la densité minérale osseuse sous-chondrale 

(sBMD), repose sur des modalités d'imagerie et des analyses qui restreignent l’analyse des 

variations spatiales. Toutefois, l’implémentation d'algorithmes d'anatomie computationnelle 

permettant l’analyse in vivo des propriétés osseuses pourrait aider à clarifier le rôle de l'os dans 

l’arthrose du genou. De plus, des études physiopathologiques montrent un intérêt croissant pour les 

relations entre composantes articulaires. La caractérisation de la relation spatiale entre composantes 

pourrait fournir une confirmation in vivo de ces modèles. L'objectif de cette thèse était donc de 

proposer de nouvelles méthodes permettant d’améliorer la caractérisation des altérations osseuses 

et de leur relation spatiale avec l'épaisseur du cartilage (CTh), un biomarqueur de la santé du 

cartilage. L'évaluation du sBMD et du CTh a révélé un pattern cohérent de variations spatiales lié 

à la gravité de la gonarthrose, tandis que l'évaluation de la relation a fourni un soutien in vivo pour 

les modèles d'arthrose. Dans l'ensemble, ce travail de thèse a fourni de nouvelles données sur l'os, 

ainsi que des méthodes qui pourraient améliorer l’évaluation de l'état de l'articulation grâce à la 

caractérisation des variations spatiales des tissus articulaires.   



vi 

 

  



vii 

Acknowledgments 

My first thanks go to Dr Julien Favre, without whom I would not be the scientist I am 

today, to Prof. Jolles-Haeberli, without whom the Swiss BioMotion Lab (SBML) would 

not exist, and to Dr Patrick Omoumi, for his expertise. My thanks go to Prof. Grégoire 

Millet, Prof. Bruno Vande Berg, Dr. Jeroen Geurts and Prof. Henning Müller for being 

members of my thesis jury and sharing parts of this journey with me. 

Second, deep and sincere thanks to all current colleagues and friends of the SBML: 

Baptiste, Johann, Killian, Margaux, Shannon. I have had the privilege of facing all four 

elements and sharing great moments with you during these past five years. 

I would also like to extend my thanks to all the people with whom I have shared mud, 

snow, dust, rain, storm, sweat, blood, tears… and beautiful landscapes and moments. 

Lastly, my gratitude goes to my parents, Jacques and Rachel, for their unconditional 

support over the years, and for my sister, Lucie, for pushing me to strive. 

 

 

 

 

 

A mon grand-père, à qui je n’aurai jamais pu vraiment 

expliquer comment les chirurgiens utilisaient mes équations en 

salle d’opération.  



viii 

 

  



ix 

List of abbreviations 

 

 CT Computed Tomography 

 CTh Cartilage Thickness 

 DXA Dual-energy X-Ray Absorptiometry 

 K/L Kellgren-Lawrence 

 MRI Magnetic Resonance Imaging 

 ROI Region Of Interest 

 OA Osteoarthritis 

 sBMD subchondral Bone Mineral Density 

  



x 

 

  



xi 

List of figures 

 

Figure 1 – Representation of a healthy and typical osteoarthritic knee 2 

Figure 2 – Bone and cartilage in the knee joint. 3 

Figure 3 – Illustration of a computational anatomy method for the proximal tibia 5 

Figure 4 – Summary of the spatial relationship results in non-OA knees. 27 

Figure 5 – Example of future possible application 31 

  



xii 

 

 

  



xiii 

Content 

Abstract iii 

Résumé v 

Acknowledgments vii 

List of abbreviations ix 

List of figures xi 

Content xiii 

I Introduction 1 

I.1 Background and motivation 1 

I.2 Bone in knee OA 2 

I.3 Relationships between joint components involved in knee OA 6 

I.4 Statement of purpose and aims 8 

II Results 11 

II.1 Summary of the findings 11 

II.2 A registration method for three-dimensional analysis of bone mineral density in 

the proximal tibia 13 

II.3 Three-dimensional quantification of bone mineral density in the distal femur and 

proximal tibia based on computed tomography: in vitro evaluation of an extended 

standardization method 15 

II.4 An Expert-Supervised Registration Method for Multi-Parameter Description of 

the Knee Joint Using Complementary Imaging Protocols 17 



xiv 

II.5 New insight on the subchondral bone and cartilage functional unit: Bone mineral 

density and cartilage thickness are spatially correlated in non-osteoarthritic 

femoral condyles 19 

II.6 Decreased adaptation of cartilage thickness (CTh) and bone mineral density 

(sBMD) spatial variations in osteoarthritic versus non-osteoarthritic knees 21 

II.7 Comprehensive description of CTh, sBMD and their association using 3D 

anatomically standardized maps 23 

III Discussion 25 

III.1 Computational anatomy algorithms for the in vivo assessment of bone properties

 25 

III.2 In vivo assessment of the relationship between sBMD and CTh 27 

III.3 Limitations 29 

III.4 Future perspectives 30 

III.5 Conclusion 33 

IV Bibliography 35 

V Annex 43 

Annex A. A Registration Method for Three-Dimensional Analysis of Bone Mineral 

Density in the  Proximal Tibia 45 

Annex B. Three-Dimensional Quantification of Bone Mineral Density in the Distal 

Femur and Proximal Tibia Based on Computed Tomography: In Vitro Evaluation 

of an Extended Standardization Method 55 

Annex C. An Expert-Supervised Registration Method for Multi-Parameter 

Description of the Knee Joint Using Complementary Imaging Protocols 65 



xv 

Annex D. New insight on the subchondral bone and cartilage functional unit: Bone 

mineral density and cartilage thickness are spatially correlated in non-

osteoarthritic femoral condyles 81 

Annex E. Decreased adaptation of cartilage thickness (CTh) and bone mineral density 

(sBMD) spatial variations in osteoarthritic versus non-osteoarthritic knees 87 

Annex F. Comprehensive description of CTh, sBMD and their association using 3D 

anatomically standardized maps 97 

 

 

  



xvi 

  



1 

I 

Introduction 

I.1 Background and motivation 

Osteoarthritis (OA) is amongst the leading causes of disability in the world, affecting 

over 300 million adults around the globe [1-3]. Knee OA, the most common form of OA, 

is a public health burden as well as a main contributor of pain and impaired mobility in 

working age adults and the elderly, resulting in a significant decrease in quality of life [4-

10].  Furthermore, the impact of this public health burden is expected to increase due to 

ageing of the population and elevated prevalence of obesity in most societies [6, 11]. 

Current therapeutic options are limited in their ability to effectively slow down disease 

progression and mainly focus on alleviating symptoms [11-15]. As such, there is a need to 

enhance the understanding of the pathophysiology of OA in order to improve disease 

management [16]. In particular, this will depend on the development of enhanced imaging 

techniques for the in vivo assessment of joint integrity. Furthermore, while cartilage has 

long been the principal focus of knee OA research, it is now considered as a disease of the 

whole joint, and pathological features of OA are present in all joint components [16-19]. 
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Figure 1 – Representation of a healthy and typical osteoarthritic knee. (A) Right limb of a typical healthy 

knee (B1) and osteoarthritic knee (B2). Created with BioRender.com 

I.2 Bone in knee OA 

Bone alterations are a hallmark of knee OA and a central element of the assessment of 

the radiographic severity of the disease through the Kellgren-Lawrence (K/L) grade [20, 

21]. Bone alterations have been recognized for their contribution to the initiation and 

progression of OA [22, 23]. Indeed, the subchondral bone (Figure 1), located immediately 

beneath the articular cartilage, plays a key role in distributing forces generated by 

locomotion and in protecting the knee joint [22, 24]. As such, bone is highly responsive to 

loading and adapts in ways that maintain conformation of the joint and prevent stress 

concentrations [22, 25]. The adaptive capabilities of the subchondral bone follow Wolff’s 

law, which states that bone will adapt in response to the loading under which it is subjected 

[26]. The adaptation of the structural and functional properties of the subchondral bone is 

achieved through the cellular processes of modeling and remodeling [19, 27].  
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Figure 2 – Bone and cartilage in the knee joint.  Created with BioRender.com 

The subchondral bone is organized into anatomically distinct components with unique 

architectural, biological, and mechanical properties (Figure 2) [19, 25, 28]. Adjacent to the 

cartilage, the subchondral bone plate forms a 0.1-1 mm thick plate-like structure, merging 

into a structural network of trabecular bone [19, 25, 29-31]. These two bone components 

play different roles, with the subchondral bone plate providing a hard structural support 

and the subchondral trabecular bone providing elasticity for shock absorption during joint 

loading [22]. Changes in each component may affect the health of the joint distinctly and 

play different roles in knee OA [28, 32]. Specifically, subchondral bone alterations during 

the course of OA include increased subchondral bone plate thickness, alterations in 

trabecular bone mass and architecture, osteophytes at the joint margins, as well as bone 

attrition and bone cysts [19]. In particular, changes in the density and architecture of the 

subchondral bone environment have a profound effect on both the initiation and 

progression of cartilage degeneration [33, 34]. Subchondral bone may thus be a potentially 
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interesting target for OA treatment, due to the prominence of OA-related changes in this 

component [24, 25, 34]. However, the exact role of subchondral bone in the pathogenesis 

of OA remains unclear, highlighting the importance of and it is essential to have evaluation 

tools to define the state of bone [19]. While medical imaging could be used to acquire in 

vivo bone data, most of our understanding of subchondral bone changes in OA comes from 

ex vivo and in vitro data, or focuses on end-stage knees [19, 35]. As such, there is a need to 

obtain in vivo bone data in the human knee at various stages of OA [35, 36].  

Traditionally, in vivo assessment of bone properties in the knee has been mainly 

achieved using dual-energy X-ray absorptiometry (DXA) [37-41]. However, the sensitivity 

of DXA to comprehensively characterize bone alterations in the context of OA is limited. 

Indeed, the two-dimensional nature and low spatial resolution of DXA prohibits the 

assessment of local variations in bone properties [42]. Furthermore, DXA is unable to 

distinguish cortical from trabecular bone in the knee, such that DXA has a limited 

sensitivity to detect changes in trabecular bone [35]. Three-dimensional imaging 

modalities, such as computed tomography (CT), have been proposed as an alternative to 

DXA and have the potential to measure important bone parameters in vivo, such as 

subchondral bone mineral density (sBMD) [35, 42-45]. 

Additionally, in order to conduct a comprehensive three-dimensional assessment of the 

bone, an anatomical correspondence must be established to remove individual 

morphological variations, as bones naturally differ in size and shape and further undergo 

remodeling during the development of OA [46]. Traditionally, this correspondence has 

been achieved by averaging quantitative measurements inside regions of interest (ROIs) 

defined based on anatomical or geometrical landmarks [35, 42, 43]. While useful, this ROI-

based approach presents a number of limitations. First, average values limit the assessment 

of spatial variations in the knee joint and may thus reduce the sensitivity to detect 
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alterations. Indeed, bone properties vary continuously in the femur and the tibia, without 

intrinsic boundaries [35, 47, 48]. Second, the geometrical or anatomical construction of 

these ROIs does not match patterns of OA-related alterations as there is evidence that tissue 

alterations vary spatially within knees of similar disease severity [49].  

Establishing a global anatomical correspondence between bones can be achieved using 

computational anatomy [44]. These methods, initially developed for brain analysis, 

combine rigid and non-rigid registration to standardize anatomical structures (Figure 3) 

[44, 50]. More recently, computational anatomy algorithms have been successfully used in 

the proximal femur for the three-dimensional analysis of bone properties, including sBMD, 

and the association of spatial patterns with clinical outcomes [44, 51-55]. While such 

algorithms could provide crucial in vivo data to improve our understanding of the role of 

bone in OA, there is a paucity of computational anatomy methods for the proximal tibia 

and the distal femur.  

 

Figure 3 – Illustration of a computational anatomy method for the proximal tibia The surface of individual 

tibias can be anatomically standardized to a reference tibia, alongside the individual distribution of voxel 

intensities within the knee.  
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I.3 Relationships between joint components involved in knee OA 

Recent models in integrated OA research have suggested that joint components 

involved in OA should be considered in the context of the whole joint rather than separately, 

recognizing the interconnection between these components [56, 57]. In these integrated OA 

models, joint health depends both on the relationships between its components and on their 

capacity for mutual adaptation to maintain a healthy homeostasis. In the homeostatic state, 

articular structures are mutually adapted in what could be described as “healthy” 

relationships among joint components. Lacking this adaptation, homeostasis is disrupted 

and these relationships progressively deteriorate, leading to the initiation and progression 

of the disease [57]. Our understanding of the disease could certainly be improved by 

considering the relationships between tissue parameters of interest in the pathogenesis of 

OA. However, integrated knee OA research is an emerging field and further in vivo data is 

needed to confirm the model of mutual adaptation between joint components in non-OA 

knees as well as its alteration in OA knees [57]. In particular, this could provide valuable 

data regarding the nature and chronology of alterations within joint components affected 

by OA as well as implications for the relationships between these joint components. 

Furthermore, while some relationships have been characterized in non-OA as well as 

moderate and severe OA, there remains a paucity of studies assessing such relationships in 

knee spanning all OA severities [58-69]. 

One such pertinent relationship is between the subchondral bone and articular cartilage, 

termed the osteochondral unit. Indeed, this functional unit is thought to play a key role in 

the initiation and progression of the disease, and synergies between the subchondral bone 

plate, trabecular bone, and articular cartilage support the functional loading of the joint [23, 

70, 71]. In addition, there is evidence of physiological interactions as well as biomechanical 

coupling between bone and cartilage that is conditioned by gait mechanics, with some 
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authors even suggesting that therapeutic interventions should target both tissues [19, 36, 

72-74]. While there is evidence of a greater role played by the bone-cartilage relationship 

in the pathogenesis of OA than previously thought, the precise mechanisms underlying this 

interaction and its alteration with knee OA remain unclear, presenting the need for in vivo 

data in the human joint [18, 36, 75, 76].  

Although there remains a paucity of studies characterizing bone and cartilage properties 

within the same knees [65, 68], an inversion of the relationship between cartilage thickness 

(CTh) and sBMD has recently been reported between non-OA and severe OA femurs [65]. 

In this study, denser bone was positively associated with thicker cartilage in non-OA knees 

and negatively associated in radiographic severe OA knees, providing a characterization of 

the relationship between sBMD and CTh at both endpoints of the disease. However, in 

order to better understand alterations of these parameters and of their relationship with knee 

OA development, there is a need to characterize these parameters at all severity stages of 

the disease. In addition, while the results of this study focused on the magnitude of sBMD 

and CTh and within ROIs, there is evidence of spatial variations in sBMD and CTh [29, 

35, 42, 43, 49, 77-82]. As such, there is an interest to investigate the spatial relationship 

between these two tissues, as exploiting spatial variations and correlations in tissue 

parameters could enable the detection of subtle OA-related alterations [83, 84]. In 

particular, this would enable the characterization of the spatial association between sBMD 

and CTh within each knee, and the relationship of this association to the OA severity. 

Lastly, it is now recognized that the complexity of OA requires the analysis and 

evaluation of various tissue properties achievable only with multi-modal imaging [85, 86]. 

Particularly, specific methods are required to establish an anatomical correspondence 

between images of the same joint acquired using different imaging modalities or obtained 

with the same modality but using different acquisition parameters [87]. Similarly to 
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anatomical correspondences between different knees, this standardization has often relied 

on regions of interest, thus limiting possible analyses and their sensitivity [37, 68, 88, 89]. 

Other approaches commonly used include the intensity-based global registration of the 

knee images acquired with different protocols, voxel intensity-based methods, and feature-

based registration [87, 90-94]. The analysis of spatial variations in tissue properties usually 

yield three-dimensional models of the tissues of interest following image segmentations. In 

particular, these three-dimensional models could be positioned in multiple image sequences 

based on features specific to the acquisition protocols to allow coordinated measures across 

multiple parameters and imaging modalities. 

I.4 Statement of purpose and aims 

The overall aim of this thesis work was to develop new methods to quantify bone 

properties in the knee joint and to improve the overall understanding of bone alterations 

with OA disease progression and the relation of these alterations to cartilage properties. To 

reach these objectives, the thesis is built around two axes: 

1. Development of new image processing methods to analyze tissue properties 

The first part of this thesis work aimed to introduce computational anatomy 

methods to allow the comprehensive characterization of spatial variations in bone 

properties in the distal femur and proximal tibia. 

2. Characterization of bone properties and their relationship with cartilage 

properties within knees of diverse OA severities 

The second part of this thesis work aimed to characterize spatial patterns in sBMD 

and their association with CTh at various stages of medial knee OA severity. In 

particular, this thesis focused on medial femorotibial OA, the most prevalent form 

of knee OA [95] 
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Overall, the aims of this thesis work present a more comprehensive approach to 

understanding the role of bone alterations and their relationship to cartilage in the 

pathogenesis of OA. 
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II 

Results 

II.1 Summary of the findings 

As part of the first axis of this thesis, a computational anatomy method was proposed 

to establish an anatomical correspondence between proximal tibias, using a combination of 

rigid and non-rigid registration (Section II.2). This method was then extended to the distal 

femur and evaluated on cadaveric knees, showing adequate reliability and reproducibility 

to be used in research and clinical applications (Section II.3). In addition, an expert-

supervised multi-modal registration method was proposed (Section II.4), allowing the 

import of femoral and tibial bones into various imaging modalities of interest in OA and 

other musculoskeletal pathologies. 

In the second axis of this thesis, the relationship between sBMD and CTh was first 

analyzed by identifying the location of densest BMD and thickest CTh within non-OA 

femurs. The results indicated a positive correlation along the principal axis of motion of 

the joint (Section II.5). This spatial association between sBMD and CTh was subsequently 

characterized in knees of various OA severity (Section II.6). The positive spatial 

relationship found in non-OA knees decreased progressively with groups of sequential OA 

severity and became negative in severe OA knees.  

The computational anatomy methods presented in this thesis (Section II.2 and II.3) were 

used to standardize sBMD and CTh to reference models of the distal femur and proximal 

tibia (Section II.7) and to characterize spatial patterns in CTh, sBMD, and their spatial 

relationship. The analysis showed distinct patterns forming a coherent succession with 
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increasing OA severity, including a progressive decrease of the spatial association between 

sBMD and CTh. 
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II.2 A registration method for three-dimensional analysis of bone mineral 

density in the proximal tibia 

Babel, H., Wägeli, L., Sonmez, B., Thiran, J. P., Omoumi, P., Jolles, B. M., & Favre, J. 

(2020). A Registration Method for Three-Dimensional Analysis of Bone Mineral Density 

in the Proximal Tibia. Journal of Biomechanical Engineering, 143(1). 

II.2.a Abstract 

Although alterations in bone mineral density (BMD) at the proximal tibia have been 

suggested to play a role in various musculoskeletal conditions, their pathophysiological 

implications and their value as markers for diagnosis remain unclear. Improving our 

understanding of proximal tibial BMD requires novel tools for three-dimensional (3D) 

analysis of BMD distribution. Three-dimensional imaging is possible with computed 

tomography (CT), but computational anatomy algorithms are missing to standardize the 

quantification of 3D proximal tibial BMD, preventing distribution analyses. The objectives 

of this study were to develop and assess a registration method, suitable with routine knee 

CT scans, to allow the standardized quantification of 3D BMD distribution in the proximal 

tibia. Secondly, as an example of application, the study aimed to characterize the 

distribution of BMD below the tibial cartilages in healthy knees. A method was proposed 

to register both the surface (vertices) and the content (voxels) of proximal tibias. The 

method combines rigid transformations to account for differences in bone size and position 

in the scanner’s field of view and to address inconsistencies in the portion of the tibial shaft 

included in routine CT scan, with a non-rigid transformation locally matching the proximal 

tibias. The method proved to be highly reproducible and provided a comprehensive 

description of the relationship between bone depth and BMD. Specifically it reported 

significantly higher BMD in the first 6mm of bone than deeper in the proximal tibia. In 
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conclusion, the proposed method offers promising possibilities to analyze BMD and other 

properties of the tibia in 3D. 

II.2.b Personal contribution 

Conceptualization, methodology, software, validation, formal analysis, investigation, 

resources, data curation, writing – original draft preparation, writing – review and editing, 

visualization, project administration. 
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II.3 Three-dimensional quantification of bone mineral density in the 

distal femur and proximal tibia based on computed tomography: in 

vitro evaluation of an extended standardization method 

Babel, H., Omoumi, P., Cosendey, K., Cadas, H., Jolles, B. M., & Favre, J. (2021). 

Three-Dimensional Quantification of Bone Mineral Density in the Distal Femur and 

Proximal Tibia Based on Computed Tomography: In Vitro Evaluation of an Extended 

Standardization Method. Journal of Clinical Medicine, 10(1), 160. 

II.3.a Abstract 

While alterations in bone mineral density (BMD) are of interest in a number of 

musculoskeletal conditions affecting the knee, their analysis is limited by a lack of tools 

able to take full advantage of modern imaging modalities. This study introduced a new 

method, combining computed tomography (CT) and computational anatomy algorithms, to 

produce standardized three-dimensional BMD quantification in the distal femur and 

proximal tibia. The method was evaluated on ten cadaveric knees CT-scanned twice and 

processed following three different experimental settings to assess the influence of different 

scans and operators. The median reliability (intraclass correlation coefficient (ICC)) ranged 

from 0.96 to 0.99 and the median reproducibility (precision error (RMSSD)) ranged from 

3.97 to 10.75 mg/cc for the different experimental settings. In conclusion, this paper 

presented a method to standardize three-dimensional knee BMD with excellent reliability 

and adequate reproducibility to be used in research and clinical applications. The 

perspectives offered by this novel method are further reinforced by the fact it relies on 

conventional CT scan of the knee. The standardization method introduced in this work is 

not limited to BMD and could be adapted to quantify other bone parameters in three 

dimensions based on CT images or images acquired using different modalities. 
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II.3.b Personal contribution 

Conceptualization, methodology, software, validation, formal analysis, investigation, 

resources, data curation, writing – original draft preparation, writing – review and editing, 

visualization, project administration. 
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II.4 An Expert-Supervised Registration Method for Multi-Parameter 

Description of the Knee Joint Using Complementary Imaging 

Protocols 

Original article in preparation for publication 

II.4.a Abstract 

Knee osteoarthritis being a disease of the entire joint, our pathophysiological 

understanding could improve with the characterization of the relationships among knee 

components. Diverse acquisition protocols for magnetic resonance imaging (MRI) and 

computed tomography (CT) allow capturing numerous parameters of the knee. However, a 

lack of methods for coordinated measurement of multiple parameters hinders global 

analyses. This study aimed to design an expert-supervised registration method to facilitate 

multi-parameter description using complementary acquisition protocols. The method is 

based on three-dimensional tissue models positioned in the images sets of interest using 

manually placed attraction points. Two datasets, with ten knees CT-scanned twice and ten 

knees imaged by CT and MRI, were used to assess the method when registering the distal 

femur and proximal tibia. The median inter-operator registration errors, quantified using 

the mean absolute distance and Dice index, were lower than 0.44 mm and higher than 0.97 

units, respectively. These values differed by less than 0.1 mm and 0.1 units compared to 

the errors obtained with gold standard methods. In conclusion, an expert-supervised 

registration method was introduced. Its capacity to register the distal femur and proximal 

tibia supports further developments for multi-parameter description of healthy and 

osteoarthritic knee joints, among other applications. 
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II.4.b Personal contributions 

Conceptualization, methodology, software, validation, formal analysis, investigation, 

resources, data curation, writing – original draft preparation, writing – review and editing, 

visualization, project administration.  
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II.5 New insight on the subchondral bone and cartilage functional unit: 

Bone mineral density and cartilage thickness are spatially correlated 

in non-osteoarthritic femoral condyles 

Babel, H., Omoumi, P., Andriacchi, T. P., Jolles, B. M., & Favre, J. (2020). New insight 

on the subchondral bone and cartilage functional unit: Bone mineral density and cartilage 

thickness are spatially correlated in non-osteoarthritic femoral condyles. Osteoarthritis and 

Cartilage Open, 2(3), 100079. 

II.5.a Abstract 

Objective: This study aimed to improve our understanding of the relationship between 

bone and cartilage by characterizing the morphological coupling between these 

mechanosensitive tissues exposed to the same mechanical environment within each knee. 

Specifically, it reanalyzed a prior dataset to test the hypothesis that the locations of thickest 

cartilage and densest subchondral bone are correlated in non-osteoarthritic femoral 

condyles. 

Method: Anatomically standardized maps of cartilage thickness (CTh) and 

subchondral bone mineral density (sBMD) were calculated for 50 non-osteoarthritic distal 

femurs based on computed tomography arthrography examinations. The locations of 

thickest CTh and densest sBMD were identified in the load-bearing region of the medial 

and lateral compartments, and correlation analyses were performed to quantify the 

associations between these locations, with inclusion of age, gender, femoral bone size and 

femorotibial angle as cofounding variables. Paired Student's t-tests were also performed to 

compare CTh and sBMD locations.  

Results: Locations of thickest CTh and densest sBMD were positively correlated along 

the anteroposterior direction in both compartments (r ≥ 0.45, p ≤ 0.001). Furthermore, 

thickest CTh was more posterior than densest sBMD in the medial (p = 0.014) and lateral 
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(p < 0.001) compartments, and more lateral than densest sBMD in the lateral compartment 

(p < 0.001). On average, these location differences were of 1.3, 5.3 and 2.1% of the 

subchondral bone size. 

Conclusion: The positive spatial relationship between the locations of thickest CTh and 

densest sBMD supports the idea of a functional cartilage/subchondral bone unit with 

morphological coupling conditioned by the individual loading pattern. 

II.5.b Personal contribution 

Conceptualization, methodology, software, validation, formal analysis, investigation, 

resources, data curation, writing – original draft preparation, writing – review and editing, 

visualization, project administration.  
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II.6 Decreased adaptation of cartilage thickness (CTh) and bone mineral 

density (sBMD) spatial variations in osteoarthritic versus non-

osteoarthritic knees 

Brief report in preparation for publication 

II.6.a Abstract 

Objective: This study aimed to characterize the spatial relationship between cartilage 

thickness (CTh) and subchondral bone mineral density (sBMD) for non-osteoarthritic (OA) 

knees and knees spanning all medial OA severities. 

Methods: Anatomically standardized maps of CTh and sBMD were calculated for 51 

non-OA (Kellgren and Lawrence (K/L) scores 0-1) and 60 knees of varying severities (K/L 

2-4). In addition to the spatial association quantified using Lee’s L, average CTh and sBMD 

values were calculated within the load-bearing regions of the femorotibial compartment. 

Pairwise differences between consecutive groups of increasing OA severity were assessed 

using Wilcoxon rank-sum tests. 

Results: The spatial association between medial CTh and sBMD progressively 

decreased from positive (L ≥ 0.70) in non-OA knees, to negative in K/L 4 knees (L ≤ -0.42), 

with all differences between groups of sequential severity achieving statistical significance 

(adjusted p ≤ 0.04). Average CTh and sBMD measurements exhibited an inconsistent trend 

of decreasing CTh and increasing sBMD with increasing OA severity which seldom 

achieved statistical significance.  

Conclusion: The study showed a strong positive association between CTh and sBMD 

in non-OA knees, and a progressive reversal of the relationship with increasing OA severity 

in the medial femorotibial compartment. In addition, assessing the relationship instead of 

isolated components presented more consistent patterns. The in vivo data bring support to 
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pathophysiological models of OA based on the disruption of homoeostasis, and highlight 

the promising potential of assessing spatial variations and relationships to evaluate the 

osteochondral health and differentiate between disease states. 

II.6.b Personal contribution 

Conceptualization, methodology, software, validation, formal analysis, investigation, 

resources, data curation, writing – original draft preparation, writing – review and editing, 

visualization, project administration. 
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II.7 Comprehensive description of CTh, sBMD and their association 

using 3D anatomically standardized maps 

Work in progress. 

II.7.a Abstract 

Purpose: The objective of this study was to characterize spatial variations in cartilage 

thickness (CTh) and subchondral bone mineral density (sBMD) in knee spanning all 

osteoarthritis (OA) severities. 

Methods: Computed tomography arthrography examinations for 49 non-OA (Kellgren 

and Lawrence (K/L) scores 0-1) and 77 knees of varying medial OA severity (K/L 2 to 4) 

were segmented to create three-dimensional bone and cartilage models. Every point of the 

subchondral bone surface was given a CTh and sBMD value, as well as a measure of the 

local spatial adaptation (Lee’s Li between CTh and sBMD). The bone models were then 

anatomically standardized to a reference knee using computational anatomy algorithms. 

Differences maps and statistical parametric mapping were used to compare the non-OA and 

the three OA subgroups. 

Results: The analysis showed distinct patterns of CTh, sBMD and Li forming a coherent 

succession from the non-OA to the K/L 4 subgroups. The femorotibial patterns included 

thinner medial cartilage, thicker medial and lateral cartilage, higher medial sBMD, and 

lower Li medially and laterally. Notably, the adaptation between CTh and sBMD 

progressively decreased from globally positive in non-OA knees to locally negative in K/L 

2-4 knees. 

Conclusions: This study used computational anatomy algorithms to simultaneously 

assess spatial patterns in CTh, sBMD, and the relationship between these properties. The 
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methods were shown to be reproducible, and offer promising possibilities to improve our 

understanding of bone alterations in the context of integrated OA research. 

 

II.7.b Personal contribution 

Conceptualization, methodology, software, validation, formal analysis, investigation, 

resources, data curation, writing – original draft preparation, writing – review and editing, 

visualization, project administration. 
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III 

Discussion 

Improving the understanding of OA pathogenesis is a key step in developing future 

effective strategies for disease prevention and treatment. This understanding requires the 

consideration of the joint in its entirety, precisely understanding not only the role of the 

individual knee components but also of the relationships between components of the 

disease [17, 57]. Despite the critical role of bone in the initiation and progression of knee 

OA, there is a paucity of in vivo data regarding bone properties [35, 36]. This thesis aimed 

to provide new methods to comprehensively characterize bone properties and their 

alterations with OA, as well as to apply these methods to provide in vivo data on alterations 

in sBMD and their relationship with CTh at various stages of knee OA. 

A detailed discussion for each study is provided in annex. The aim of the following 

sections is to summarize the key results, to broaden the reflection and to provide a more 

global interpretation of the findings and their implications. Lastly, the limitations of the 

thesis are discussed, along with possible future research directions. 

III.1 Computational anatomy algorithms for the in vivo assessment of 

bone properties 

In the first part of this thesis (Sections II.2, II.3), computational anatomy algorithms 

were introduced to standardize bone properties in the distal femur and proximal tibia. These 

algorithms, compatible with routine knee CT scans, depend neither on the acquisition 

parameters nor on bone size, offering potential application to other imaging modalities. In 



26 

addition, the in silico, ex vivo, and in vivo evaluations of the proposed methods ensure their 

suitability for future clinical and research uses. 

The application of the presented procedures to knees of diverse OA severities allowed 

the characterization of spatial patterns in sBMD related to the radiographic severity of OA 

(Section II.7). Specifically, higher sBMD in the external aspect of the femorotibial 

compartment was observed in K/L 2, 3 and 4 compared to the non-OA subgroups. 

Interestingly, assessing spatial variations in CTh in the same knees suggested that sBMD 

and CTh alterations did not occur in the same areas, as thinner cartilage was observed more 

laterally than the locations of higher sBMD in K/L 2 and 3 knees. A possible explanation 

for these results could come from the differential adaptation of cartilage and bone, in 

particular to a changing loading environment [19, 96-101] 

In contrast to previous studies investigating bone properties within the knee joint using 

ROIs [35, 42, 43, 92], the methods proposed in this thesis allow the assessment of location-

specific patterns. This is particularly important, as ROIs are poorly associated with disease 

severity, limiting their usefulness in assessing the condition of the joint, and spatial 

variations in tissue properties were shown to be more sensitive than ROIs [83, 84, 102-

104]. Additionally, the low sensitivity of ROIs and redundancy of information between 

adjacent mean measurements have led to the identification of subsets of measurements, 

which result in the obfuscation of data from regions in which tissue alterations related to 

OA are observed [49, 105]. For instance, while ROI-based analyses are usually limited to 

the femorotibial load-bearing regions [106], the comprehensive analysis of tissue properties 

provides a broader view of OA-related alterations, including in the posterior aspect of the 

femoral condyles or in the lateral compartment where alterations were shown to occur [49, 

107].  
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III.2 In vivo assessment of the relationship between sBMD and CTh 

The second part of this thesis focused on the in vivo assessment of the relationship 

between sBMD and CTh. This assessment was performed inter- and intra-knee for non-OA 

knees, and intra-knee for OA knees (Figure 3). In non-OA knees, the correlation between 

the locations of densest sBMD and thickest CTh showed the presence of a positive spatial 

relationship between sBMD and CTh within the group of knees (Figure 3.A). A measure 

of bivariate spatial association, Lee’s L, was then used to globally assess the spatial 

adaptation between sBMD and CTh within the load-bearing regions of the femorotibial 

compartments (Figure 3.B) [108]. The positive relationship found within non-OA knees 

confirmed the inter-knee observations and provided an intra-knee characterization of the 

spatial relationship. Lastly, a local version of the bivariate measure Lee’s Li, was used to 

locally assess the spatial adaptation between sBMD and CTh in the neighborhood of each 

point of the bone-cartilage interface (Figure 3.C), thus allowing the assessment of spatial 

variations in the intra-knee relationship. 

 

Figure 4 – Summary of the spatial relationship results in non-OA knees. A: scatter plot of the location of 

densest sBMD with respect to the location of thickest CTh along the anteroposterior direction in the medial 

femoral condyle. B: Quantification of the global spatial relationship (Lee’s L) between sBMD and CTh in the 

tibial compartments. C: Average distribution of the local spatial relationship (Lee’s Li) in the non-OA group. 

The intra-knee assessment of the sBMD-CTh relationship in intermediate and severe 

OA knees indicated a progressive reversal of the relationship with increasing radiographic 
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severity from a positive relationship in non-OA knees to a negative association in severe 

OA knees. Interestingly, the reversal of the relationship exhibited local spatial patterns 

(Section II.7) that were not captured when assessing the relationship within the medial 

femorotibial compartment (Section II.6). Specifically, the results indicated a local inversion 

of the relationship quantified using Lee’s Li in K/L 3 knees, while the global negative 

relationship, quantified using Lee’s L, became predominant only in K/L 4 knees. 

Furthermore, while the global analysis of the relationship within the lateral femorotibial 

compartment indicated a quasi-constant positive association, the local analysis indicated a 

decrease in adaptation resulting in a local negative relationship in severe OA knees. 

As such, this study presented novel ways to assess the status of the osteochondral unit 

in vivo and highlighted the interest in assessing the relationship between sBMD and CTh. 

In contrast to separate analyses of sBMD and CTh, differences between consecutive OA 

grades were found more consistently when assessing the relationship between these two 

parameters in the medial femorotibial compartment (Section II.6). This is notably due to 

large variations in sBMD and CTh within knees of similar OA severity [102, 109]. While 

some studies have tried to account for the individual variations within individual tissues, 

assessing the relationship between sBMD and CTh allows a natural standardization of inter- 

and intra-knee variations by exploiting spatial variations rather than magnitudes [42, 67, 

104, 110]. Furthermore, the assessment of spatial variations in the relationship allowed the 

identification of local decreases in adaptation within the lateral femorotibial compartment 

(Section II.7), which were not detected in either sBMD or CTh maps of the same knees. In 

particular, this suggests that evaluating the relationship could be more sensitive than 

individual components and could become a powerful tool to assess the condition of the 

osteochondral unit as well as to differentiate disease states.  
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The results of Section II.5-II.7 support the theory that the mechanical environment 

shared by cartilage and bone in healthy knees results in a coordinated adaptation consisting 

of thicker cartilage growth and denser bone in areas of greater loading [19, 63, 72, 111]. 

Additionally, the progressive reversal of the sBMD-CTh relationship supports OA 

pathophysiology models based on the disruption of homeostasis between articular 

components [57].  

III.3 Limitations 

While this thesis offers new insights into bone alterations in knee OA, it also comes 

with a number of limitations that future research should address to consolidate and broaden 

this work. 

First, the comprehensive characterization of bone properties focused on sBMD and its 

relationship with CTh. A number of other bone properties are of interest in the pathogenesis 

of OA and could be assessed using CT imaging [46, 112-115]. While not implemented in 

this thesis work, the proposed methods could be applied to other properties (see Section 

III.4 for a more detailed discussion). In particular, their assessment could form the basis for 

an even more comprehensive characterization of bone properties by aggregating bone data 

from various sources. 

Second, the analysis of OA-related differences relied on a radiographic definition of 

OA using the K/L grade [20, 21]. However, this radiographic severity has its limitations, 

including its reliability, an underlying assumption of a linear radiographic progression of 

OA, an emphasis on the presence of osteophytes as well as poor correlation with OA-related 

symptom changes [116-123]. Nevertheless, this grading is the gold standard for assessing 

OA severity currently used for both clinical and research purposes [123, 124]. 
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Third, the design for all in vivo study data was retrospective and cross-sectional. Much 

could be gained by following patients to assess longitudinal changes in sBMD, CTh, and 

their relationship associated to the initiation and progression of OA. However, the slow 

progression of the OA disease along with the ethical and safety considerations of exposing 

otherwise healthy patients to repeated CT radiation highlight the value of a cross-sectional 

approach as a first step to improving the understanding of the role of bone in the 

pathogenesis of OA [125-127]. 

Fourth, while the computational anatomy methods proposed in this work rely on bone 

surfaces and are thus independent of CT calibration, the in vivo bone data was acquired on 

uncalibrated CT scans. In particular, the attenuation measurements could be biased by non-

mineral components of bone such as fat and blood vessels, which are taken into account 

[45]. Future studies should calibrate the CT data using a calibration phantom as performed 

in the ex vivo evaluation of the methods. However, all examinations were performed on the 

same scanner using the same acquisition parameters to minimize biases. As such, the 

absence of calibration should have little effect on the reported patterns but limits data 

comparisons with studies from other research facilities. 

Lastly, the current work relied on semi-manual segmentation that, while remaining a 

gold standard, is a time-consuming process [128-132]. In particular, the current processing 

time, from segmentation to anatomical standardization, is not compatible with clinics or 

applications to large number of knees. This should, however, not be seen as a limitation, as 

automatic segmentation methods have been proposed for the knee [133].  

III.4 Future perspectives 

In its entirety, the work presents novel insights into bone properties in the context of 

the whole joint, in non-OA knees, and in knees at various stages of medial knee OA.  
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First, the methods implemented in the first part of this thesis open the door to a number 

of applications providing further quantitative data regarding not only bone and cartilage, 

but also other tissues undergoing pathological changes with OA. Indeed, in addition to 

sBMD and CTh, they could be applied to other bone properties (Figure 5), such as bone 

texture and microarchitecture, osteophytes, and bone shape [46, 112-115, 134, 135] ; to 

other tissue properties, such as T2 and T1rho relaxation times of cartilage [136-139]; to 

other pathologies in which femorotibial alterations in knee properties are of interest, such 

as meniscal damage and repair, osteoporosis, osteogenesis imperfecta, and fractures [37-

39, 140-148]. 

 

Figure 5 – Example of future possible application  to characterize the location of osteophytes by applying the 

methods proposed in this work [114]. The osteophytes and tibial bone are segmented (1) resulting in three-

dimensional meshes (2). The osteophyte locations are then embedded in the tibial bone mesh, which is 

registered to the reference tibia (3). 

In addition to in vivo properties assessed via CT, the computational anatomy algorithms 

presented here could be combined with the expert-supervised multi-modal registration 

procedure to provide an anatomically standardized assessment of other pathological 

features of OA across multiple imaging modalities and sequences [149]. In particular, the 

assessment of alterations to the physiological content of cartilage is of interest in knee OA 

as a potential target for the earlier detection of pathological changes [150, 151], and MR 

sequences such as T2 and T1rho can provide in vivo data related to proteoglycan and 

collagen content as well as the integrity of the extracellular matrix [136-139]. However, 

while the characterization of cartilage composition mainly relies on ROIs [152-154], the 
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methods proposed in this thesis could allow the assessment of spatial variations in cartilage 

composition. 

Second, application of the proposed methods to other parameters could in turn allow 

the assessment of relationships between in vivo parameters acquired through quantitative 

imaging [149]. More broadly, addressing osteoarthritis as a disease of the whole joint will 

require an in-depth analysis of individual components as well as of the relationships 

between components involved in the initiation and progression of the disease [155]. For 

instance, the relationship between mechanical loading and tissue properties is of interest in 

integrated OA research [57]. Indeed, walking mechanics is a key factor in knee OA, 

constituting the main mechanical stimulation experienced by the knee [56, 96, 97]. 

However, while spatial correlations between biomechanics and cartilage properties have 

been reported [63, 67, 153, 154, 156], the assessment of the relationship between bone 

properties and loading suffers from similar limitations than the assessment of bone [57-59, 

66, 69]. Therefore, the methods presented in this thesis work could be applied to provide a 

more comprehensive assessment of the relationship between sBMD, CTh, and the 

mechanical environment of the knee joint.  

Furthermore, while ROI-based measures of tissue properties exhibit a non-monotonic 

pattern with increasing OA severity [109, 157-159], the coherent succession of sBMD and 

CTh patterns reported in this work could be used to score the condition of the osteochondral 

unit by removing inter-knee variations [160]. For instance, dimensionality reduction 

techniques [151, 161-165] could be used to identify patterns associated with the initiation 

and progression of knee OA and to score the condition of a tissue with respect to the 

severity of the disease or to clinical outcomes in individual components [135, 166-168]. In 

particular, the development of a score could help harness the potential of spatial variations 

to improve our understanding of the pathogenesis of OA by providing tools to efficiently 
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assess the condition of individual components. Specifically, such methods could prove to 

be more sensitive to OA-related changes than current evaluations [167]. More broadly, the 

scoring of individual components could be extended to multiple tissues and imaging 

modalities, for instance using the expert-supervised multi-modal registration proposed in 

this thesis work, to provide a comprehensive characterization of the joint. Indeed, the 

methods could be used to create a snapshot of the condition of individual components, of 

the relationships between components as well as of the joint status, and to assess their 

evolution over time. Furthermore, the aggregation of large quantities of data could be used 

to train machine learning algorithms. In particular, spatial variations in multiple tissue 

properties could be used to improve machine learning algorithms applied to knee OA [84, 

169], which seldom rely on quantitative imaging data [155, 169]. 

III.5 Conclusion 

Overall, this work proposed new tools for the comprehensive assessment of individual 

knee tissue properties and the spatial relationship between tissue properties, and provided 

an evaluation of the methods for future applications in research and clinics. Applying the 

proposed method to knees of various OA severity allowed the characterization of spatial 

patterns in bone and cartilage properties and underscored the potential of these methods by 

providing in vivo bone and cartilage data. In addition, the in vivo characterization of the 

relationship between sBMD and CTh provided evidence supporting the theory of the 

osteochondral unit as well as integrated OA research. Extending the tools to other variables 

of interest in the pathogenesis of OA and assessing the spatial relationships between 

specific pairs could, in turn, provide a comprehensive in vivo assessment of joint integrity. 

More broadly, improving our understanding of the pathogenesis of the disease could help 

improve disease management and alleviate the burden of knee OA. 
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bone mineral density (sBMD) 

spatial variations in 

osteoarthritic versus non-

osteoarthritic knees
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Annex F. Comprehensive 

description of CTh, sBMD and 

their association using 3D 

anatomically standardized maps 

 

  



98 

 



99 

  



100 

  



101 

  



102 

 



103 

 



104 

 



105 

  



106 

 



107 

 



108 

 


