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

- Basho






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.






Résumé

La gonarthrose représente actuellement un probléme majeur de santé publique, et I'amélioration
de sa prise en charge dépendra en partie de la capacité a 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 I'ensemble de [l'articulation. Une priorité
actuelle de la recherche dans ce domaine est I'évaluation de tous les tissus impliqués dans son
développement. Les altérations osseuses, en particulier, sont reconnues comme contribuant a la
pathogenése de la maladie, mais leur rble exact n'est pas clair en raison de limitations actuelles. En
particulier, I'évaluation des propriétés de I'os, telle que la densité minérale osseuse sous-chondrale
(sBMD), repose sur des modalités d'imagerie et des analyses qui restreignent 1’analyse des
variations spatiales. Toutefois, I’'implémentation d‘algorithmes d'anatomie computationnelle
permettant I’analyse in vivo des propriétés osseuses pourrait aider a clarifier le r6le de I'os dans
I’arthrose du genou. De plus, des études physiopathologiques montrent un intérét croissant pour les
relations entre composantes articulaires. La caractérisation de la relation spatiale entre composantes
pourrait fournir une confirmation in vivo de ces modéles. L'objectif de cette thése était donc de
proposer de nouvelles méthodes permettant d’améliorer la caractérisation des altérations osseuses
et de leur relation spatiale avec I'épaisseur du cartilage (CTh), un biomarqueur de la santé du
cartilage. L'évaluation du sSBMD et du CTh a révélé un pattern cohérent de variations spatiales lié
a la gravité de la gonarthrose, tandis que I'évaluation de la relation a fourni un soutien in vivo pour
les modeles d'arthrose. Dans I'ensemble, ce travail de thése a fourni de nouvelles données sur I'os,
ainsi que des méthodes qui pourraient améliorer 1’évaluation de I'état de I'articulation grace a la

caractérisation des variations spatiales des tissus articulaires.
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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

1.2 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



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



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.

Tibia #1

Registered tibia #1

Tibia #2

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.



1.3 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



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



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.

|.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]



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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Results

1.1 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 11.2). 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 11.3). In addition, an expert-
supervised multi-modal registration method was proposed (Section 11.4), 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 11.5). This spatial association between sBMD and CTh was subsequently
characterized in knees of various OA severity (Section 11.6). 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 I1.2 and 11.3) were
used to standardize sSBMD and CTh to reference models of the distal femur and proximal
tibia (Section 11.7) and to characterize spatial patterns in CTh, sSBMD, and their spatial

relationship. The analysis showed distinct patterns forming a coherent succession with

11



increasing OA severity, including a progressive decrease of the spatial association between

sBMD and CTh.
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11.2 A registration method for three-dimensional analysis of bone mineral
density in the proximal tibia

Babel, H., Wégeli, 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).

11.2.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

13



conclusion, the proposed method offers promising possibilities to analyze BMD and other

properties of the tibia in 3D.

11.2.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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11.3 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.

11.3.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 mgl/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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11.3.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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1.4 An Expert-Supervised Registration Method for Multi-Parameter
Description of the Knee Joint Using Complementary Imaging
Protocols

Original article in preparation for publication

I11.4.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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I11.4.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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1.5 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.

I11.5.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 (sSBMD) were calculated for 50 non-osteoarthritic distal
femurs based on computed tomography arthrography examinations. The locations of
thickest CTh and densest sSBMD 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 sSBMD supports the idea of a functional cartilage/subchondral bone unit with

morphological coupling conditioned by the individual loading pattern.

11.5.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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11.6 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

11.6.a Abstract

Objective: This study aimed to characterize the spatial relationship between cartilage
thickness (CTh) and subchondral bone mineral density (sSBMD) 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 sSBMD
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 sSBMD 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.

11.6.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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1.7 Comprehensive description of CTh, sBMD and their association
using 3D anatomically standardized maps

Work in progress.

I11.7.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 L between CTh and sSBMD). 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, sSBMD and L; 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.

11.7.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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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.

I11.1 Computational anatomy algorithms for the in vivo assessment of
bone properties

In the first part of this thesis (Sections 11.2, 11.3), 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
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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 11.7). 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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I11.2 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 L, 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.

Anteroposterior direction in
the medial compartment

r=0.450
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45 0 s 60
Anteroposterior location of thickest CTh
(%)
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Figure 4 — Summary of the spatial relationship results in non-OA knees. A: scatter plot of the location of
densest sSBMD 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 sSBMD and CTh in the
tibial compartments. C: Average distribution of the local spatial relationship (Lee’s L;) 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 11.7) that were not captured when assessing the relationship within the medial
femorotibial compartment (Section 11.6). 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 11.6). 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 11.7), which were not detected in either sSBMD 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 11.5-11.7 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].

111.3 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 sSBMD 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
I11.4 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 sSBMD, 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].

I11.4 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 sSBMD 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

32



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].

111.5 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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Although alterations in bone mineral density (BMD) at the proxi-
mal tibia have been suggested to play a role in various musculo-
skeletal 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 distribu-
tion 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. Second, as an example of application, the
study aimed to characterize the distribution of BMD below the tib-
ial 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 nonrigid 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 6 mm of bone than
deeper in the proximal tibia. In conclusion, the proposed method
offers promising possibilities to analyze BMD and other proper-
ties of the tibia in 3D. [DOI: 10.1115/1.4048335]

1 Introduction

Alterations in bone mineral density (BMD) at the proximal tibia
have been suggested to play a role in various conditions, including
meniscal damage and repair [1,2], injury and reconstruction of the
anterior cruciate ligament [3,4], bone fracture [5,6], arthroplasty
[7.8], and osteoarthritis [9,10]. However, even though proximal
tibial BMD has been studied for decades, there is a need to better
understand its pathophysiological implication, its potential as a
target for therapeutic interventions and its value as a marker for
diagnosis. Improving our understanding in this regard will espe-
cially require the design of new methods to standardize the quanti-
fication of three-dimensional (3D) distribution of BMD, similarly
to what has been proposed to study BMD in the proximal femur
notably in relation to osteoporosis and arthroplasty [11-14]. In
fact, standardizing the reporting of 3D BMD across individuals
and/or time points will allow performing comprehensive analyses
of spatial variations in BMD [12,15]. Furthermore, standardized
description of 3D BMD constitutes a necessary initial step to con-
duct more advanced evaluations, for example, of bone structure
through texture analyses [16—-18].

In vivo, proximal tibial BMD has been mainly measured using
dual X-ray absorptiometry (DXA). While this technique contrib-
uted to important data [1-4,6—-10], the two-dimensional projection
nature of DXA images limits the range of possible analyses.
Therefore, researchers have started using computed tomography
(CT) for 3D BMD measurement, including at the proximal tibia
[5,19-22]. Nevertheless, in these prior tibial studies, BMD was
described by averaging BMD over a few rather large regions of
interest (ROI) defined by geometric guidelines based on anatomi-
cal features identified on each tibia. While this ROI-based
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approach is valuable to report consistent local BMD measures
independently of the individual tibia shapes, it is hardly compati-
ble with 3D analyses of BMD distribution. In fact, analyzing 3D
distribution with this approach would require thousands of smaller
ROI and it would be difficult ensuring consistent locations of such
ROI using geometric guidelines.

Actually, to truly assess 3D BMD distribution a different
approach, known as computational anatomy, is necessary to stand-
ardize the data [23,24]. In this case, a registration procedure is
used to establish a global anatomical correspondence between two
bones in the form of a mathematical transformation. When the
application requires the analysis of one or more groups of bones, a
reference bone can be registered to all the bones of interest, there-
fore establishing a 3D correspondence among all of them despite
individualities in their shapes [23]. Similarly, for longitudinal
studies, a bone can be registered to itself, thus compensating for
the spatial variations in data acquisition and for the possible
changes in bone shape over time. The transformation typically
includes a combination of translation, rotation, and scaling to
overlay the bones, followed by nonlinear operations to morph the
bones [23]. The transformations are usually calculated by reduc-
ing cost functions based either on the differences in CT voxel
intensities or on the distance between bone surfaces. Although
intensity-based methods are frequently used in medical imaging,
they are not recommended for the current application because the
intensity of the CT voxels is heterogeneous inside the tibias, with
possibly different spatial distribution among bones [12]. There-
fore, determining the registration transformations by minimizing
the differences in relative voxel intensities does not guaranty an
anatomical correspondence. Consequently, the state-of-the-art to
analyze 3D BMD distribution suggests to CT scan the bones, seg-
ment the images to build 3D bone models and use registration
algorithms based on surfaces matching. Methods have been devel-
oped to standardize the 3D BMD in the proximal femur following
this state-of-the-art procedure and reported promising results
[12—14]. However, although there is clear clinical and scientific
needs to better understand proximal tibial 3D BMD distribution
[1-4.,7-10], no comparable method has been proposed for the
tibia. It could seem that the methods developed for the femur
could be applied as is for the tibia. Yet, the shape of the proximal
tibia, with less anatomical features and a higher level of symme-
try, requires the design of specific methods. For example, special
strategies are necessary to determine the scaling along the longitu-
dinal axis with routine CT scans of the knee that include only a
small and inconsistent portion of the tibial shaft.

The primary objectives of this study were to develop and assess
a registration method, suitable with routine knee CT scans, to
allow standardized quantification of 3D BMD distribution in the
proximal tibia. In practice, BMD is first measured in unit of CT
intensity (Hounsfield unit) and then a calibration procedure can be
used to express the BMD in mg,(m‘n3 [25,26]. The method
designed in this study aimed to be applicable to both uncalibrated
and calibrated BMD measures. Second, as an example of applica-
tion, the study aimed to characterize the distribution of BMD
below the medial and lateral tibial cartilages. Indeed, bone is a
mechanosensitive tissue that adapts to its mechanical environment
[27], resulting in a varying BMD with respect to bone depth.
While prior ROI-based studies indicated lower BMD in deeper
ROIs [20,28], the patterns of BMD diminution with respect to
bone depth have never been reported.

2 Materials and Methods

2.1 Experimental Setup. A convenience set of 23 CT scans
of healthy knees, namely, without imaging sign of fracture, dis-
ease or surgery, was selected from the institution’s database for
this study approved by the institutional review board (61 = 6 years
old, 30% male, 44% left). The sample size was based on previous,
comparable computational anatomy methods for the proximal
femur [11,29,30]. These tibias included at least 2.0cm, and no
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more than 3.5cm, of bone below the cartilages. This range of
bone lengths, which is standard in routine CT examination of the
knee, was sufficient to characterize the BMD distribution below
the cartilages as the interest mostly lies in the first 2cm of bone
[1,4,20]. Scans were acquired in a routine clinical practice setting,
as part of a diagnostic workup for suspected menisco-
cartilaginous lesions, with the patients lying on the back with the
knee of interest extended. A contrast material was injected in the
synovial fluid shortly before scanning for clinical purposes inde-
pendent of this research. The injection has no impact on this
study, as the contrast material did not propagate to the bone.
Examinations were performed on a 40 row detector helical CT
scanner (Somatom Definition AS; Siemens Healthcare, For-
chheim, Germany), using the following acquisition parameters:
tube voltage, 120 kVp; reference tube current-time product, 350
mAs with the application of a dose modulation protocol (Care
Dose 4D; Siemens Healthcare); bone convolution kernel (U70u),
voxel size of 0.3 x 0.3 x 0.3mm. In this study, uncalibrated
images were used, meaning that the BMD was measured in CT
voxel intensity unit [25,26].

The tibial bone mesh was created following methods previously
described [22,31]. Briefly, the contour of the tibia was segmented
semi-manually in each CT image using custom software based on
B-splines, and then the segmentations were combined across
images to build a 3D triangular mesh models of the tibial bone
(Fig. 1). During the segmentation procedure, the bone contour
was coded differently if the bone was covered by cartilage (sub-
chondral bone) or not. This coding allowed identifying the medial
and lateral subchondral areas (and the corresponding vertices) in
the 3D mesh model, as illustrated in Fig. 1. Finally, a bone mem-
bership mask identifying the CT voxels located within the boun-
daries of the tibial bone mesh was calculated. Depending on the
knees, the tibial bone mesh included between 25 and 40 thousand
vertices, out of which between 4 and 9 thousand corresponded to
subchondral bone. Additionally, the mask of the 23 knees
included between 1.5 and 4.0 million voxels of tibial bone.

2.2 Registration. The following sections (Secs. 2.2.1-2.2.4)
detail the procedure to register a moving tibia to a fixed tibia. This
procedure involves two phases: the matching of the surface
(mesh) of the two bones (Secs. 2.2.1-2.2.3) and then the matching
of the voxels inside the tibias by extension of the surface-to-
surface transformation (Sec. 2.2.4). The first phase includes three
steps (Fig. 2). First, an initial alignment, consisting in a transla-
tion, a rotation, and an isotropic scaling, is applied to the moving
mesh to account for differences in bone size and for differences in
position and orientation in the field of view of the scanner (Sec.
2.2.1). This initial alignment is based on the overlaying of the sub-
chondral areas. During the second step, a translation and a scaling
along the longitudinal axis, as well as a scaling in the transverse
plane, are applied to the moving mesh to match its transverse
bone area profile to the one of the fixed mesh (Sec. 2.2.2). Match-
ing the transverse bone area profile is a new concept introduced in
this study to address the difficulties related to the fact that routine
CT scans include small and inconsistent portion of the tibial
shafts. Finally, the third step consists in deforming the moving
mesh locally so that its surface closely matches the surface of the
fixed mesh (Sec. 2.2.3).

In the following, the attributes of the moving and fixed meshes
are referenced using the “mov” and “fix” abbreviations, respec-
tively. Furthermore, the Euclidian norm of a vector v is denoted
[[v]], the scalar product of two vectors v and w denoted v - w, and
the cross product between two vectors v and w denoted v x w.
Additionally, the cardinality of a set V' is denoted \V\ Moreover,
for the sake of clarity, the following sections assume that all tibias
are right tibias positioned in the scanner to have their
anterior—posterior, medial-lateral, and distal-proximal axes
roughly aligned with the x, y, and z CT axes, respectively. Left
tibias or tibias scanned with another axes’ convention should be
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Fig. 1

lllustration of the methods to build a 3D tibial mesh from a CT scan. First (left image),

the tibia was segmented in each CT image. During this procedure, the bone contour was
coded differently if the bone was covered by cartilage (subchondral bone; red line) or not
(blue line). Second (right image), the segmentations were combined across CT images to gen-
erate a 3D mesh model with identification of the medial and lateral subchondral areas (red).
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Fig. 2

lllustration of the first phase of the registration procedure which includes three steps (Secs. 2.2.1-2.2.3). The boxes

present the moving (red) and fixed (blue) tibial meshes before (left) and after (right) each step. A side (upper plot) and a bottom
(lower plot) views of the tibias are provided in each box. Step 1: (a) the centers of the medial and lateral subchondral areas
and (b) the normal of the least squares plane fitted to the subchondral areas of the moving and fixed tibial meshes are aligned.
Step 2: the bone area profile of the moving and fixed meshes are calculated (see Fig. 3 for details). The profile of the moving
tibia is then matched to the profile of the fixed tibia, and the moving mesh is modified accordingly. Step 3: a nonrigid transfor-
mation is applied to the moving mesh to match locally the fixed mesh.

transformed beforehand by mirroring and 90-deg rotation

operations.

2.2.1 Phase | — Step 1: Initial, Rigid, Transformation to
Overlay the Subchondral Bone Areas. The first stage of the
method consists in moving, rotating, and scaling the moving mesh
to limit the differences between both tibias in terms of bone size
and placement in the scanner (Fig. 2). This initial step is achieved
by overlaying the subchondral bone areas of the moving mesh on
the subchondral bone areas of the fixed mesh.

Let V = (v} = {(%, 5} z)"} be the original 3D position of all
mesh vertices of one bone, where each vertex is identified with
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the j index. Moreover, let V. be the subset of vertices of the sub-
chondral area in the compartment ¢, with ¢ being either the medial
(med) or the lateral (lat) compartment. The center of the subchon-
dral area in the compartment ¢, m,, is defined as the average posi-
tion of all the subchondral vertices in this compartment (1).

1
mL-:mZV/

Let d be the direction of the axis from the center of the medial
subchondral area to the center of the lateral subchondral area (2),
and d be the unitary vector associated with d (3).

(1
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h =28mm

Fig. 3

’ h=12mm

Bone section area (mm?2)

lllustration of the calculation of the transverse bone area profile (Sec. 2.2.2). Left: A tibial

mesh intersected with transverse planes. Center: The bone slices (polygons) corresponding to
the intersections. Right: The bone area profile. For sake of clarity, this figure includes only three
measures of bone area at heights (h) equal to 12, 20, and 28 mm, whereas in reality, the profile is
determined by slicing the bone at 1 mm intervals.
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With the variables above, it is possible to calculate the change
of basis matrix between the moving and fixed tibias, C, (5) and,
then, the rotation matrix R (6) that rotates and scales the vector
d oy such that diyo R = diix.

mov ~ (

C= 2l'ix ¢ _;ifix X 2mov] (5)
2fix ‘Emov Hzﬁx X Emov” 0
ol | ,
- C Hdﬁx X dnmv” dfix 'dm(w 0 c (6)
”dmovH
0 0 1

Next, the original moving vertices Vo, = {Vmov,j} are updated
such that the center of the medial and lateral subchondral areas of
the moving tibia are in the same position as the center of the sub-
chondral areas of the fixed tibia. Specifically, a new position

a

Vmov,; 18 calculated for every original moving vertex Vmov,

using (7).

(la) _
vmov.j -

(vmu\'.j - mmu\'.med)R + Miix med (7)

After aligning the centers of the subchondral areas of the mov-
ing tibia on those of the fixed tibia, the moving mesh is rotated
around the axis joining the center of the medial and lateral sub-
chondral areas in order to have the subchondral areas of the mov-
ing tibia parallel to the subchondral areas of the fixed tibia. To
this end, let us define the tibial plateau (plat) as the set of all sub-
chondral vertices, such that Vpjuy = Vinea U Vi A least squares
plane, defined as ax + by + ¢z 4+ d = 0, can be fitted to the tibial
plateau vertices by setting ¢ = 1 and solving the linear system in

Eq. (8).
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Let 7 be the unitary normal vector of the least squares plane
ax + by +z +d = 0. Then, similarly to above, a rotation P can be

applied such that 7P — Fiy.. The rotation P can be calculated

mov

using w, the unitary vector coplanar to ng, and ?11,:(’,'3 (Eq. (9)),
and B, the change of basis matrix (Eq. (10)).
= o ()
o~ m:)l\)' — (nﬁx ) nmg\)/)”ﬁ«\
W=rmm o Al ©)
7o = (s - gy )
B=[fin finex 200 — | (10)
o s ~(1
A Bl 0 [ x Bler |
P=B8B 0 I 0 B 1y
= ~(1 ~
—llAe x Aol 0 Rk BLg)
The vertices of the moving tibia via — {vf;g\) i} are then

updated to align the least squares plane of the subchondral areas
of the moving bone onto those of the fixed bone. Specifically, a

1) _ [ (1b)

new set Vi = {vmov'j} is obtained by calculating a new position

{19) a5 the following (Eq. (12)).

for every moving vertex vy, ;

(1b)  _
vmuv\f_ v,

where mp = 0.5%(myy + Mpeq) is the midpoint between the
center of the medial and lateral subchondral bone areas.

(la)
mov,/

(1a)

- mmu\'.plul)P % Mix plat

(12)

2.2.2 Phase 1—Step 2: Rigid Transformation to Match the
Bone Area Profiles. The initial transformation (Sec. 2.2.1) over-
laid the proximal part of both bones. While necessary and useful,
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this initial step is insufficient to allow proper local deformation of
the moving mesh (Sec. 2.2.3) notably because it did not match the
bones in the proximal—distal and anterior—posterior directions.
Matching the tibias longitudinally is particularly challenging
because the small portion of the tibial shafts acquired in routine
practice do not include bony landmark that could be used to estab-
lish correspondence in the proximal—distal direction. A new met-
ric, the transverse bone area profile, is therefore proposed to
address this issue. Indeed, all tibias have a profile of similar shape
and matching the moving profile to the fixed profile allows trans-
lating and scaling the moving bone along the longitudinal axis, as
well as scaling it in the transverse plane, as detailed below.

The bone area profile is defined as the area of the transversal
bone sections sampled at 1 mm interval (Fig. 3). Specifically, let
hyp = |maxyevz; | and h oy = "minvy.evz/] be the upper and lower
integer bounds of the z-coordinates of the vertex positions of the
mesh. For each integer height h; € {/o, ..., iy}, the profile
p(h;) is defined as the area of the transverse bone section, calcu-
lated by intersecting the bone model and the plane z = h; using
[32], and then measuring the area of the resulting polygon
(Fig. 3). At both the upper and lower extremities of the tibia, spe-
cial cases may arise. At the top, because of the bone shape, the
intersection may yield several polygons. In this case, the area of
the bone section is defined as the sum of the area of all polygons.
At the bottom, a similar situation may occur due to the incomplete
scan or segmentation of the bone. In this case, the profile is lim-
ited to the lowest height /; for which the intersection yields only
one polygon.

Let pgy and pmm. be the profiles of the fixed tibia and of the
moving tibia after the initial transformation, respectively. The
matching of the moving profile to the fixed profile involves three
operations that can then be applied to the moving mesh: a transla-
tion ¢, along the z-axis, a scaling s. along the z-axis and a scaling
s, of the profile (Fig. 2). The three parameters conditioning these
operations are determined using an optimization routine minimiz-
ing the distance between the two profiles, as explained below.

First, initial parameters, sg, .v?, and r" are calculated based on
the maximum value of the profiles and on the heights at which

these maximum values occur. For each tibia, let hp., =

ﬂrgmaxhi"h p(h ) be the height of the maximum profile value and
let m = p(hmax) be the maximum value of the profile. The initial
scaling i{j: of the moving profile is calculated using the following
(Eq. (13)).
o _ Mix
§qa = (1h)

mov

(13)

The initial scaling 5" along the z-axis is determined using
Eq. (14), by locating the midpoint hn:g‘), mia between the top of the
tibia f,, and the height of the maximum transverse area iy, in

the moving (Eq. (15)) and fixed (Eq. (16)) bones.

h( id — hﬁx max
0 ix, mi
5; = P (14)

mov mid mov,max

(1b) Ly 1
hmko.mld = i (hr(no‘z.up + hl('nm)'.max) (15)

mprr:(f:g (hg}:f\)'.mid)})
(16)

The initial translation (° along the z-axis is calculated using the
following Eq. (17).
b
- S?hlgrf:)\)umu

50

In _ hﬁx,max

a7

Second, a routine is applied to tune s, 5., and f. in order to opti-
mize the matching of the moving profile to the fixed profile. The
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routine uses an interior-point algorithm [33], starting with the ini-
tial parameters determined above (52, 57, /%), The cost function at
each iteration of the optimization is calculated as the mean
squared error (MSE) bctween the fixed profile psy and the tempo-
rary moving profile Pmo\ (Eq. (18)). For more robust BbtlmdllOﬂ

the MSE is only computed over the height range ({hlo)“ up})
that is common to both tibias (Eqs. (19) and (20)).
| h:,":
MSE(?) = 3 (pulh) ) (18)
fip = gy, +-1 =",
higy = mﬂx{hﬁx ow hf.:{w,k.w} (19
1y = min e, K } 20)

The final optimization parameters (sY7, s). 1)) can then be
used to transform the vertices of the moving mesh obtained at the

end of step 1 (VSRJ = (x}“}’]‘ AW z

T
(1b) P .
Z nto new vertices

) T
(vm = (xm. )‘}2), ZF)) ) such that the mesh associated with

mov, i)

these new vertices has a p."rf.c),v profile. The operations to obtain the
new vertices are presented in Eqs. (21)—(23). In these equations, X
and y correspond to the average x and y coordinates of the bone
model vertices.

xf(z) VNG (A):w 1:,)) (1) @20
_TI(Z) _ \/g( (1b) —rlh)) —(1b) 22)
-’_,(2) = (z][lb) 10— h.(f:} ) +h0 up (23)

2.2.3 Phase 1 — Step 3: Nonrigid Local Transformation to
Match the Mesh Surfaces. After the second step, the moving mesh
generally overlaps the fixed mesh (Fig. 2). However, since only
rigid and semirigid transformations have been applied so far, there
remain local differences between both meshes at this stage. A
third step is therefore used to ensure that the moving mesh closely
matches the fixed mesh everywhere In this last step, the moving
vertices belonging to me obtained after the second step are regis-
tered to the fixed mesh using an adaptive stiffness variant of non-
rigid ICP [34], resulting in a temporary set of registered vertices
which are then used as target coordinates for thin-plate splines

Vt('jgv.j}'
Because the length of the meshes varies from bone to bone
depending on how the knees were scanned, the moving and fixed
meshes are truncated distally in order to have the same length
before performing the nonrigid registration. This is done by
removing all the vertices of the longer mesh that are below the
distal limit of the shorter mesh, without retriangulation.

[35], yielding a final set of matched vertices Vﬁgv = {

2.24 Phase 2: Registration of the Voxel Centers. The first
phase of the registration (steps 1-3 above, Secs. 2.2.1-2.2.3)
transformed the surface (i.e., the position of the mesh vertices) of
the moving tibia so that it matches the surface of the fixed tibia.
This second registration phase consists in applying the surface-to-
surface transformations to the voxels inside the moving tibia. This
is done by calculating new (matched) position for the center of the

vy Yoo 2\')7-} be the
original 3D position of all the voxel centers of the moving tibia.

These positions, first, undergo the same rigid (Sec. 2.2.1) and
semirigid (Sec. 2.2.2) transformations as determined above,

resulting in Cmf,'.) after (Eq. (7)), in Cmm, after (Eq. (12)), and in

moving tibia voxels. Let Croy = {€mov,i} = {(x
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G ﬁgv after (Egs. (21)—(23)). Then, if necessary, voxel centers are
removed from Cfﬁ(),\. to account for the distal truncation in Sec.
2.2.3. Lastly, the thin-plate splines transformation calculated in
Sec. 2.2.3 is applied to the truncated Cflfgv, yielding the final
matched position of the voxel centers C, i:(),v

2.3 Reference Tibial Mesh. The method presented in
Sec. 2.2 allows to register any moving tibia to any fixed tibia. In
practice, such a method will often involve a reference bone to
which one or more bones will be registered. A reference mesh is
usually obtained by averaging a group of meshes, which can be
done using the method in Sec. 2.2. Specifically, creating a tibial
reference mesh based on a group of meshes requires to randomly
select one of the individual tibias in the group and match its
mesh to the mesh of the remaining tibias as described in
Secs. 2.2.1-2.2.3. An initial set of reference vertices is then
obtained by averaging the position of the vertices after they have
been matched to the remaining bones. Next, an initial reference
mesh is calculated using the initial reference vertices [36]. After
that, the series of matching, averaging and meshing operations is
repeated, but these times with matching the current reference
mesh to all the tibial meshes used to create the reference mesh.
This series of operations is repeated until the changes in the refer-
ence mesh between two successive iterations become negligible.

2.4 Evaluation of the Method

2.4.1 Distance Between the Moving and Fixed Meshes During
the Mesh Matching Steps. To assess the efficacy of the three steps
of the mesh matching procedure (Secs. 2.2.1-2.2.3), a reference
tibial mesh was created using the 23 tibias in this study (Sec. 2.3).
It included 22 thousand vertices, 5 thousand of which were coded
as subchondral bone. Then, the meshes of 23 tibias were regis-
tered to the reference mesh and the distance between the moving
and fixed meshes was calculated after each matching step (Secs.
2.2.1-2.2.3). Two metrics were used to quantify the distance.
First, the maximal distance between the two meshes was assessed
using the Hausdorff distance [37]. Second, the mean closest point
distance (MCPD) was calculated to assess the average distance
between the two meshes. The MCPD was defined as the maximal
value of either the average distance from each vertex of the fixed
mesh to the closest vertex of the moving mesh or the average dis-
tance from each vertex of the moving mesh to the closest vertex
of the fixed mesh. To avoid biasing the evaluation, the moving
and fixed meshes were truncated distally to the same length before
calculating the distances.

2.4.2 Reproducibility of the Voxel Centers Registration. In
agreement with the objective of the registration method to provide
an anatomical standardization, the reproducibility assessed to
which extent the method provides similar standardized data for
bones of different shape, but same relative structure. This was
done by deforming the bone mesh and the corresponding voxels
of the 23 tibia five times, resulting in 23 sets of six tibias each (the
original tibia, plus five deformed tibias). With this, each set
included six tibias of different shapes, but all with the same rela-
tive position of voxel centers. Next, these 138 tibias were individ-
ually registered to the reference tibia, and the position variability
of the voxel centers was assessed for each set. This was done first
by calculating the mean position over the six tibias and then calcu-
lating the average distance between the six positions and the aver-
age position, voxel by voxel. Then, the average distance of all the
voxels were averaged to have one position variability value per
tibia set. To assess the reproducibility of a real data situation, the
tibias were deformed using the statistical distribution of the regis-
tration parameters. Specifically, the mean y and standard devia-
tion ¢ of each parameter needed to register the 23 original tibial
meshes to the reference mesh were compiled, and then the tibias
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Uncalibrated BMD (Hounsfield Units)
Fig. 4 lllustration of the cylindrical cells used to measure the

BMD distribution below the center of the subchondral areas.
The cells were defined for the reference tibia as shown in this
figure. They are colored according to the average BMD of the 23
tibias (BMD values are reported in Fig. 5).

were deformed using parameters randomly drawn from a normal
distribution N(u, o).

2.5 Example of Application: BMD Distribution Below the
Cartilages

2.5.1 Standardized Quantification. To show the potential of
the registration method to quantify 3D tibial BMD, and in line
with literature [1,4,20], this work aimed to characterize the varia-
tions of BMD below the cartilages. To this end, first, two stacks of
ten cells, were embedded in the reference mesh obtained by the
averaging of the 23 individual tibias (Sec. 2.3). The stacks were
placed beneath the centers of the medial and lateral subchondral
bone areas, with each cell being a cylinder of 4 mm radius and
2mm height (Fig. 4). Then, each of the 23 tibias (mesh and bone
voxels) was registered to the reference tibia (Secs. 2.2.1-2.2.4)
and the bone voxels were tagged based on the position of their
center after registration. Specifically, for each tibia, the voxels
belonging to a reference cell were listed. Finally, for each tibia, a
BMD value was calculated for each cell by averaging the BMD
value of all the voxels belonging to the cell. With this method, a
standardized 3D quantification of the uncalibrated BMD below
the cartilages was achieved.

2.5.2 Reproducibility Evaluation. The reproducibility of the
BMD quantification method in Sec. 2.5.1 was assessed using the
23 sets of six tibias described in Sec. 2.4.2. After registration to
the reference tibia, the BMD of the 138 tibias was determined in
the 20 cells. Next, a two-way mixed effects intraclass correlation
coefficient (ICC) [38] was calculated for the 20 BMD measures of
the six tibias within each set. Additionally, the coefficient of vari-
ation was calculated for each set and cell, and then averaged over
all the cells, leading to an average coefficient of variation for each
original tibia (aCV).

2.5.3 Statistical Analysis. To test if BMD differed statistically
significantly among bone depths, the BMD of the 23 original
tibias measured below the cartilages (Sec. 2.5.1) were compared.
Specifically, repeated-measure ANOVA with a Greenhouse—
Geisser correction, followed by posthoc paired r-tests with a
Bonferroni correction for multiple comparisons, were performed
separately for the ten measures below the medial cartilage and the
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Fig. 5 Boxplot of the BMD of the 23 tibias below the center of
the medial (top) and lateral (bottom) subchondral areas. BMD
was measured using the cells as illustrated in Fig. 4. The stars
indicate cells that were significantly denser than all deeper cells
(*: P<0.01; **: P<0.001).

ten measures below the lateral cartilage. An alpha-level set a pri-
ori at 5% was considered significant for these tests.

All processing in this study was done with custom software
using MatLAB (R2014b, Mathworks, Natick, MA), and all statisti-
cal analyses were performed using SPSS version 25 (IBM,
Armonk, NY).

3 Results

3.1 Distance Between the Moving and Fixed Meshes
During the Mesh Matching Steps. After the first matching step
(Sec. 2.2.1), the average (*standard deviation) Hausdorff distance
of the 23 tibias was 5.5* 1.4mm and the average MCPD

Journal of Biomechanical Engineering

1.3 = 0.3 mm. The matching of the bone area profiles (Sec. 2.2.2)
decreased both the Hausdorff distance (4.4 = 1.0mm) and the
MCPD (1.0 = 0.2 mm). The Hausdorff distance and MCPD fur-
ther reduced after the nonrigid local transformation (Sec. 2.2.3) to
1.8 = 1.5 and 0.30 = 0.03 mm, respectively.

3.2 Reproducibility of the Voxel Centers Registration. The
average variability in the position of the voxels after registration
was 0.68 + 0.60 mm, indicating that more than 80% of the
voxels were located with variations of four voxels or less.
Expressed with respect to the size of the tibia, the reproducibility
of 0.68 £0.60mm corresponded to 0.95*0.85% of the
medial-lateral diameter (maximum width of the tibia in the frontal
plane).

3.3 BMD Distribution Below the Cartilages. The BMD
measured below the cartilage with two stacks of ten cells were
reproducible, with an average ICC of 0.99 £0.01 and average
aCV of 1.3 = 0.4% for the 23 tibias.

The BMD measured below the medial and lateral tibial carti-
lages are reported in Fig. 5. Consistent patterns were observed
among tibias and compartments, with a characteristic drop in the
first 6 mm. There were significant differences in BMD between
depths (cells) in both the medial (#(1.510, 33.209) =283.159,
p<0.001) and lateral (F(1.999, 45.981)=285.102, p <0.001)
compartments. Posthoc paired 7-tests indicated that, both medially
and laterally, the three closest cells to the subchondral area had
significantly higher BMD than all the deeper cells (p < 0.01).

4 Discussion

This article introduced a registration method for 3D quantifica-
tion and analysis of the BMD distribution in the proximal tibia.
This method is compatible with routine knee CT scans thanks to
an innovative technique to match two meshes with different posi-
tions, orientations, lengths, and shapes. The registration method,
which relies solely on the bone surfaces, is independent of the
CT-scan resolution and independent of the sizes of the bones. Fur-
thermore, it requires no images preprocessing, such as cropping.

The method was shown to register proximal tibia reproducibly.
First, the average variability of the voxel positions following the
anatomical standardization among bones with different shapes,
but same relative structure, was well within the ranges considered
acceptable for image registration [39], and represented less than
1% of the medial-lateral diameter of the bones. Second, the suit-
ability of the method was further confirmed when it was used to
characterize the BMD distribution below the medial and lateral
cartilages. Specifically, this example of application reported high
reproducibility in local BMD measurement and provided a com-
prehensive description of the relationship between bone depth and
BMD.

To the best of the authors’ knowledge, the present method is
the first to allow the registration of proximal tibias, both in terms
of bone surface (mesh) and content (voxels). A few methods
based on the same principle of bone segmentation followed by
surface matching were previously proposed for the proximal
femur [12—14]. However, the “simpler” shape of the proximal
tibia, with a higher level of symmetry and less compelling ana-
tomical features, required the design of a specific method. In par-
ticular, a solution was needed for the distal-proximal scaling
because this scaling cannot be predicted from the scaling in the
other directions and because the length of the tibial shaft varies
among acquisitions without simple option to determine it, such as
the localization of anatomical landmarks. The transverse bone
area profile proposed in this work was shown to be an effective
answer to this difficulty. Interestingly, the concept of matching
bones based on their area profile is not limited to the proximal
tibia. Indeed, it can be used for the registration of other bones, or
even other tissues, which are not imaged in their entirety and lack
anatomical landmarks.
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Fig. 6 Another example of application of the registration
method where BMD is quantified in the entire proximal tibia.
This figure displays the reference tibial mesh (left) and three
BMD maps corresponding to the average of the 23 knees
(right).

The method proposed in this article opens the door to numerous
applications. As an example, it was used to characterize the BMD
distribution below the cartilages. However, it can easily be
adapted to analyze BMD in different locations and with different
resolutions. In fact, filling the reference mesh with cells instead of
using two stacks of cells below the cartilages allows quantifying
the distribution of BMD in the entire proximal tibia. Figure 6
illustrates such an application of the method with cubic cells of
2mm sides. This other application also reported an excellent
reproducibility (ICC of 0.95 +=0.02 and aCV 2.5 + 2.1%). There-
fore, combining the results of the evaluations performed for meas-
urements below the cartilage centers and in the entire proximal
tibia suggests an excellent reproducibility of the registration
method everywhere in the proximal tibia. In addition to the loca-
tion of interest, the method can also be extended to standardize
the assessment of other bone parameters. For instance, modeling
the relationships (texture) among voxels, instead of averaging
their values, could provide an indirect assessment of bone micro-
architecture [40]. Finally, it is worth mentioning that the method
is not limited to CT scans, and that it would work just as well with
magnetic resonance images.

It is important to stress the fact that the proposed registration
method requires tibias imaged from the intercondilar tubercule to
at least 2.0cm below the cartilages. This minimal height is neces-
sary to match the bone profile area and thus to calculate the
proximal—distal scaling (Sec. 2.2.2). This requirement should
however not be seen as a limitation as the present method was pre-
cisely designed to analyze the first few centimeters of bone below
the cartilages and therefore to be applied to images with enough
bone height. Nevertheless, alternatives methods already exist to
quantify smaller depth of bone below the cartilages [19.22]. It is
also important to mention that the number of voxel centers per
unit of volume (i.e., the voxel centers density) could vary after
registration. For example, registering a smaller bone to a larger
bone will decrease the voxel center density. Therefore, when plan-
ning to use the proposed registration method, like with any registra-
tion method, it is important to consider not only the initial voxel
centers density (imaging resolution), but also the density changes
that could occur with the registration. In fact, this remark of acquir-
ing adequate images for the analysis of interest is not limited to the
resolution. It extends to the other acquisition parameters, such as
reconstruction algorithms and X-ray settings. But again, the selec-
tion of the appropriate parameters is not conditioned by the pro-
posed surface-based registration method, but by the future
applications (research questions or clinical applications).

This study has a few limitations, which should be discussed.
First, it included only healthy subjects, meaning that the method

014502-8 / Vol. 143, JANUARY 2021

will need to be evaluated on other populations in subsequent
research. Second, while the reproducibility was shown to be
excellent in two examples of applications, future uses of the
method could require additional validation if the applications dif-
fer significantly from the applications considered in this work.
Furthermore, since this study focused on the registration method,
which is not tied to a particular segmentation method, the reprodu-
cibility with respect to different segmentations was not investi-
gated. However, the reproducibility of knee segmentation
methods reported previously suggest that the segmentation should
have little effect on the registration [41,42]. Third, uncalibrated
BMD was reported in this study due to data availability. Neverthe-
less, the method proposed in this work, which purposely relies on
surface matching and not on CT voxel intensities, can be applied
interchangeably to uncalibrated and calibrated images. Finally,
although the registration method is fully automatic, the segmenta-
tion of the tibias was done semimanually. This requirement for
human intervention should not be seen as a limitation as automatic
segmentation of the tibial bone is possible [43].

5 Conclusion

In conclusion, a registration method was presented to quantify
3D BMD distribution in the proximal tibia based on routine knee
CT scans. It was shown to be reproducible and to offer promising
possibilities to analyze BMD and other bone properties. In partic-
ular, it could be used to detect or monitor the progression of bone
alterations and to improve the understanding and treatment of
musculoskeletal pathologies.
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Abstract: While alterations in bone mineral density (BMD) are of interest in a number of mus-
culoskeletal 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 dimension based on CT images or images acquired using
different modalities.

Keywords: bone mineral density; knee; registration; osteoarthritis; osteoporosis; quantitative com-
puted tomography; computational anatomy

1. Introduction

Quantifying the alterations in bone mineral density (BMD) is of interest in a number
of conditions affecting the knee, including fractures [1-3], arthroplasty [4—6], meniscal
damage and repair [7-9], osteoporosis [10,11], and osteoarthritis [12-14]. So far, in-vivo
analysis of BMD has primarily relied on dual x-ray absorptiometry (DXA). However, the
two-dimensional nature of DXA limits the assessment of spatial variations and the detection
of localized alterations in BMD. To improve our understanding of the pathophysiological
implications of BMD alterations, a primer to wider uses of BMD measures in clinical
evaluation, there is a need for noninvasive methods allowing for more comprehensive
assessment of BMD in the knee.
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Computed tomography (CT) is an interesting alternative for the three-dimensional
quantification of BMD [1,14-17]. The assessment of knee BMD is of particular inter-
est [14,18], as radiation dose exposure with CT is not significant at this joint, contrary to
other anatomical locations [19]. However, in order to conduct interpatient comparisons,
there is a need to establish an anatomical correspondence between knees, as they naturally
differ in size and shape. An anatomical correspondence is also necessary for longitudi-
nal analyses in the case of pathologies that could alter the shape of the bones, such as
osteoarthritis or tumors [20-22]. So far, the question of anatomical correspondence in the
analysis of CT scans has generally been eluded by relying on regions of interest (ROIs)
based on anatomical landmarks or geometrical guidelines [14,16,17,23-26]. However, the
use of ROIs hinders the assessment of spatial variations in bone properties and does not
take full advantage of CT scans by reducing information to a limited and low-resolution
set of regional values.

Recently, computational anatomy methods were proposed to study bone structures [27].
These methods, firstly developed for brain analysis [28], register individual bones to a
reference bone, thus allowing standardization of bone properties such as BMD. One such
method was recently proposed for the proximal tibia [18]. However, as global changes in
BMD have been observed in both the tibia and the femur in various pathologies [1-9,12-14],
there is an interest to extend this method to the distal femur as well.

To ensure the suitability of BMD measures for clinical and research applications,
the reproducibility and reliability of the BMD measures with respect to different scans
and operators should be evaluated. To the authors” knowledge, this evaluation, though
essential, has seldom been undertaken in computational anatomy algorithms, particularly
in those aiming to standardize BMD.

Thus, the study aimed to present a method to standardize BMD within the distal
femur by extending an algorithm developed for the proximal tibia [18]. This work also
aimed to evaluate the reproducibility and reliability of the proposed BMD standardization
method.

2. Materials and Methods
2.1. Experimental Setup

Ten formalin-fixed cadaveric adult knees were scanned with CT and rescanned after
repositioning. The acquisition was performed on a 40-row detector helical CT scanner
(Discovery CT750HD; GE Medical Systems) using the following parameters: tube voltage,
120 kVp; reference tube current-time product, 200 mAs; and bone convolution kernel
(U70u), voxel size of 0.5 x 0.5 x 0.312 mm. A solid calcium hydroxyapatite-based bone
mineral reference phantom (Mindways Software, Austin, TX, USA) was used to establish
a correspondence between the CT units and volumetric BMD (mg/cc). The knees had
been stored in a refrigerator for up to 48 months before being scanned for this study.
The research protocol was approved by the local ethics committee, and following local
regulations regarding research on deceased persons, no demographic data was available
for the samples. A senior musculoskeletal radiologist with more than 10 years of experience
read the CT scans and, based on the presence and severity of osteophytes [29], concluded
that five of the knees had degenerative changes (three mild and two severe changes).

2.2. Segmentation and Registration

The tibial and femoral bones were segmented in the CT images using custom semi-
manual segmentation tools [17,30], yielding three-dimensional triangular tibial and femoral
bone meshes (Figure 1).

To describe the registration procedure, this paper uses the convention of moving and
reference bones, with the moving bone being registered to the reference bone. Similar to a
prior method for the proximal tibia [18], the registration involves two phases: (1) registering
the surface of the moving bone to the surface of the reference bone (Section 2.2.1), followed
by (2) propagating the surface-to-surface transformations to the CT voxels within the
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moving tibia and femur (Section 2.2.2). Following these two phases, both the surface of the
bones and the BMD information contained within the image are registered to the reference
bones.

Figure 1. Segmentation of the femoral and tibial bones and identification of the subchondral bone
areas (left), and resulting three-dimensional femoral and tibial bone meshes (right). In both plots,
the subchondral bones are in red and the non-subchondral bones are in blue.

2.2.1. Phase 1

For the proximal tibia, the surface (mesh) of the moving bone was registered to
the reference bone following a previously described method [18], involving three steps
(Figure 2). First, the moving tibia is aligned to the reference tibia by combining a translation,
a rotation, and an isotropic scaling based on the medial and lateral subchondral bone areas.
Second, the moving tibia is scaled along its longitudinal axis to match the reference tibia.
Third, the moving tibia is deformed locally using nonrigid registration to closely match the
bone surface of the reference tibia.

Step 1 Femur Tibia
Alignment based on Cylinder Plane
subchondral bone matching matching

Step 2 L

Longitudinal scaling Distal prosima

matching
Step 3 '
Non-rigid registration ICP + TPS

Figure 2. Flowchart of the first phase consisting of bone surface registration. ICP: Iterative Closest
Point, TPS: Thin Plate Splines.

For the distal femur, the method in [18] was modified as follows. The first step of
the registration procedure was adapted by fitting a cylinder to the subchondral bone
area [30-32] of the moving and reference femurs (Figure 3, step 1a). After manual identifi-
cation of the trochlear notch on both femurs, the moving femur was translated and rotated
to align its cylinder axis and the projection of its trochlear notch on the cylinder axis to the
cylinder axis and projection of the trochlear notch of the reference femur (Figure 3, step 1a).
Then, the moving femur was scaled such that the radius of the two cylinders coincide and
the condylar regions, from the trochlear notch to the medial and lateral epicondyles, were
scaled separately along the cylinder axis to account for their individual sizes (Figure 3,
step 1b). Next, the subchondral areas of the moving and reference femurs were aligned
by rotating the moving femur around the cylinder axis to minimize the distance between
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subchondral areas (Figure 3, step 1c). This first step was necessary to limit differences
between the two femurs in terms of bone size and placement in the scanner and to account
for differences in orientation within the field of view of the scanner. The second step in
the tibial registration procedure, which consisted in scaling the proximal tibia along its
longitudinal axis to account for the high level of symmetry in the tibia, was not necessary
for the distal femur (Figure 2). Finally, in the third step, the same method as previously
described for the tibia, which combines nonrigid iterative closest point (ICP) [33] and
thin-plate splines (TPS) [34], was used to locally deform the moving bone such that its
surface closely matched the surface of the reference bone (Figure 3, step 3).

P
4

Figure 3. Illustration of the first phase of the registration procedure for the distal femur (see Figure 2
for an overall Figure 1. (a): the cylinder fitted to the subchondral bone area of the moving femur

Step 1 Step 3

1c

is aligned and scaled to coincide with the cylinder of the reference femur. Step 1. (b): the moving
femur is scaled around and along the cylinder axis to match the size of the reference femur. Step 1.
(¢): the moving femur is rotated around the cylinder axis in order to align its subchondral bone area
to the subchondral area of the reference femur. Step 2: not necessary for the femur. Step 3: a nonrigid
transformation is applied to the moving femur to locally match the reference femur.

2.2.2. Phase 2

During the second phase, the surface-to-surface transformations calculated in the first
phase were applied to the voxels of the moving tibia and femur, as previously described
for the tibia [18]. With this operation, the CT voxels were translated, scaled, rotated, and
deformed.

2.3. Evaluation of the Method

For each cadaveric knee, the images from the (first) CT scan were segmented by two
operators and the images from the rescan were segmented by one of the two operators,
resulting in three sets of 10 segmented knees. The tibial and femoral bones resulting from
each segmentation were then registered to a reference tibia and femur [18], following
the procedure described above. Standardized BMD reporting was achieved through
three-dimensional maps created by filling the reference tibia and femur with 7000 and
12,000 isotropic cells of 2 mm sides, respectively, and by determining the BMD value of
each cell, for each segmentation, as the average of all registered CT voxels contained within
the cell’s boundaries [18].

The reliability and reproducibility of the standardized BMD measures were evaluated in
three settings: intra-operator /inter-scan, inter-operator/intra-scan, and inter-operator/inter-
scan. The reliability was assessed for each of the 7000 tibial and 12,000 femoral cells by
calculating the two-way random-effects intraclass correlation coefficient (ICC) [35] over the
10 knees for the repeated measurement. The reliability was classified as poor (ICC < 0.5),
moderate (0.5 < ICC < 0.75), good (0.75 < ICC < 0.9), and excellent (ICC > 0.9) [36]. The
reproducibility was assessed for each of the 7000 tibial and 12,000 femoral cells as the
root mean square over the 10 knees for the precision error of the repeated measurement
(RMSSD) [37]. The reliability and reproducibility were compared between settings using
Wilcoxon signed-rank tests [38] with a Bonferroni correction for multiple comparisons,
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and the effect size was reported [39]. Lastly, the reproducibility and reliability maps were
visually examined to assess local effects.

All processing in this study was done with custom software using Matlab R2019 b
(Mathworks, Natick, MA, USA).

3. Results

The median reliability of the 12,000 femoral cells ranged from 0.96 to 0.97 among the
three experimental settings (Table 1), with more than 84% of the cells reporting an excellent
ICC for each setting (Figure 4). The reliability in the inter-operator/inter-scan setting was
statistically lower than in the two other settings (z < —27.7, p < 0.001), with a small effect
size (<0.29), and statistically higher in the intra-operator/inter-scan compared to the inter-
operator/intra-scan setting (z = 4.0, p < 0.001), with a very small effect size (0.04). Two areas
of lower reliability were observed within the femur for the two inter-operator settings: at
the epicondyles and around the trochlear notch (Figure 5). The median reproducibility
ranged from 9.56 mg/cc (2.5% of the BMD range) in the intra-operator /inter-scan setting
to 10.75 mg/cc (2.8% of the BMD range) in the inter-operator/inter-scan setting (Table 1).
The reproducibility in the inter-operator/inter-scan setting was statistically higher than in
the two other settings (z > 21.9, p < 0.001), with a small effect size (>0.33), and statistically
higher in the inter-operator /intra-scan setting compared to the intra-operator/inter-scan
setting (z = 5.7, p < 0.001), with a very small effect size (0.05).

Table 1. Reliability and reproducibility of the bone mineral density (BMD) standardization.

Intra-Operator Inter-Operator Inter-Operator
Inter-Scan Intra-Scan Inter-Scan
Femur
Reliability # 0.97 (0.94, 0.98) 0.97 (0.93, 0.98) 0.96 (0.93, 0.98)
Reproducibility 9.56 (7.10, 13.46) 9.67 (6.61, 14.68) 10.75 (8.16, 14.96)
Tibia
Reliability ** 0.97 (0.96, 0.98) 0.99 (0.98, 1.0) 0.97 (0.95, 0.98)
5 6.58 (5.70, 8.49) 3.97 (2.39,7.39) 7.29 (5.92, 10.30)

Reliability (ICC) and reproducibility (RMSSD) data are presented as the median [1st quartile, 3rd quartile] over
the 12,000 femoral or 7000 tibial cells. Reproducibility data are in mg/cc. Symbols indicate differences between
experimental settings that achieved statistical significance (adjusted p < 0.05): * between the intra-operator/inter-
scan and inter-operator/ intra-scan settings, * between the intra-operator/inter-scan and inter-operator/ inter-scan
settings, and between the inter-operator/intra-scan and inter-operator /inter-scan settings.

In the tibia, the median reliability of the 7000 cells was excellent (ICC > 0.97) for
the three experimental settings (Table 1), with more than 92% of the cells having an ICC
over 0.9 for each setting (Figure 4). The reliability was statistically higher in the inter-
operator/intra-scan setting than in the two other settings (z > 46.5, p < 0.001), with a
medium effect size (>0.56), and higher in the intra-operator /inter-scan setting than in the
inter-operator/inter-scan setting (z = 32.8, p < 0.001), with a small effect size (0.39). The
lower ICC were heterogeneously distributed among the cells. The median reproducibility
ranged from 3.97 mg/cc (1.0% of the BMD range) in the inter-operator/intra-scan setting
to 7.29 mg/cc (1.9% of the BMD range) in the inter-operator/inter-scan setting (Table 1).
The reproducibility was statistically lower in the inter-operator/intra-scan setting than in
the other two settings (z < 41.2, p < 0.001), with a small to medium effect size (>0.49), and
lower in the intra-operator/inter-scan setting than in the inter-operator /inter-scan setting
(z = —36.8, p < 0.001), with a small effect size (>0.44).
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Intra-operator Inter-operator Inter-operator
Inter-scan Intra-scan Inter-scan
100% 100% 100%
80% 80% 80%
60% 60% 60%
Femur
40% 40% 40%
20% 20% 20%
0% 0% 0%
Poor Moderate Good Excellent Poor Moderate Good Excellent Poor Moderate Good Excellent
100% 100% 100%
80% 80% 80%
60% 60% 60%
Tibia
40% 40% 40%
20% 20% 20%

Poor Moderate Good Excellent Poor Moderate Good Excellent Poor Moderate Good Excellent

Figure 4. Histogram of the reliability for the 12,000 femoral (top) and 7000 tibial (bottom) cells in the three settings.

Reference Intra-operator Inter-operator Inter-operator
models Inter-scan Intra-scan Inter-scan

Femur

Tibia

0 02 04 06 08 1
ICC

Figure 5. Illustration of the spatial variations in reliability: (left) reference distal femur and proximal tibia bone models with

two representative coronal slices and (right) intraclass correlation (ICC) maps for the three settings at the coronal slices for
the tibia (top) and the femur (bottom).

4. Discussion

A method was presented to standardize BMD in the distal femur and proximal tibia
with excellent reliability and adequate reproducibility to be used in clinical and research
applications. This new possibility of comprehensive quantification of knee BMD in three
dimension offers promising perspectives to improve our understanding of the role of BMD
in the initiation and progression of musculoskeletal pathologies as well as to introduce
novel BMD measures in clinics. In this regard, it is important to mention that the method
reported in this work can be combined with existent techniques to automatically segment
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CTimages [40,41], thus allowing standardized high-resolution reporting of knee BMD with
minimal operator intervention.

While the reliability of the BMD standardization was excellent in all three settings,
both for the femur and the tibia, there were local areas of lower reliability within the femur.
Interestingly, lower reliability was observed in regions where segmenting the CT images
was more delicate, such as peripheral regions around the epicondyles. Therefore, the
lower reliability in these regions is most likely due to segmentation and not the registration
procedure. Although differences in reliability among experimental settings achieved
statistical significance, the reliability remained excellent for all three settings, suggesting
that the standardization method can be used independently of the experimental conditions.
No comparison with previous BMD standardization methods could be performed, as the
reliability of femoral or tibial BMD has seldom been assessed in computational anatomy
studies.

The reproducibility of the BMD standardization ranged from 4.0 to 10.7 mg/cc, which
appears adequate with respect to the BMD differences, ranging from 33 to 150 mg/cc,
previously reported with knee osteoarthritis or bone fractures [42-46]. Furthermore, the
reproducibility reported in this study was consistent with data in the literature for proximal
femoral BMD. Indeed, the reproducibility reported in Carballido-Gamio et al. [47] and
Li et al. [48] for relatively large regions of interest (ROIs) ranges between 1.1 and 28 mg/cc.
When attempting such a comparison across studies, it is important to note that the cells
used in the present work are much smaller than the ROIs in Carballido-Gamio et al. and
Li et al. and that, by definition, the reproducibility tends to be higher for larger volumes of
interest [49,50]. Similar to the reliability results, reproducibility differences were observed
among settings but were 3.1 to 37.5 times smaller than BMD differences reported in prior
studies comparing control and pathological knees [42—46]. This further suggests that the
standardization method is suitable independently of the experimental settings.

The present study has several strengths. First, the reliability and reproducibility were
quantified on knees representative of the general population, suggesting that the results
are applicable to a wide range of clinical presentations. Second, to the authors’ knowledge,
this study is the first to assess comprehensively the reliability and reproducibility of a
computational anatomy method to standardize BMD. The reliability and reproducibility
data in the present work provide valuable information for future applications of the
proposed method and for the field in general. Third, the method introduced in this work
could be used to standardize other bone parameters, such as texture [51], or to assess
the spatial distribution of bone defects, such as osteophytes, bone cysts, or bone marrow
lesions, which are currently only assessed semi-quantitatively [52]. Fourth, the registration
procedure establishes an anatomical correspondence based solely on bone surfaces. As such,
it does not depend on the acquisition parameters or bone size. In addition, the registration
procedure could be applied across imaging modalities.

This study also has limitations which should be discussed. First, the evaluation relied
on cadaveric knees because subjecting individuals to repeated CT scans would have repre-
sented unnecessary and unethical risks [53]. An in vivo assessment of the method would
be expected to yield similar results, as BMD differences between fresh and formalin-fixed
cadavers have been reported to remain negligible, even after several months [54,55]. How-
ever, assessing the method with undocumented cadaveric specimens prevented evaluating
the sensitivity of the method. Future applications of the method to longitudinal data or
to knees of different conditions should therefore evaluate its capacity to detect changes
or differences in BMD [37]. Further studies will also be necessary to compare BMD data
obtained using the present method to data obtained using DXA. Additionally, although the
evaluation relied on a small sample size, the number of knees was sufficient with respect to
the study objectives and in the range of previous studies evaluating methods to quantify
BMD at the hip joint [47,48].
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5. Conclusions

In conclusion, this paper presented a method to standardize BMD in the distal femur
and proximal tibia with excellent reliability and reproducibility. This method could find
applications in both research and clinics. Specifically, it could contribute to novel BMD
measures or be used to visualize and analyze location-specific three-dimensional BMD
patterns.
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An Expert-Supervised Registration Method for Multi-

Parameter Description of the Knee Joint Using

Complementary Imaging Protocols
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.

1. Introduction

Knee osteoarthritis (OQA) is a painful, incapacitating joint disease affecting the quality of life of hundreds of
millions of persons worldwide [1-3]. Reducing this major socio-economic burden will notably require improving
our pathophysiological understanding, as a basis to earlier disease detection and more effective treatments. While
knee OA is recognized as a complex disease involving multiple tissues and parameters, most research so far
performed isolated analyses and there is scant knowledge regarding the relationships among knee parameters,
although this could lead to more representative disecase models [4,5]. As the paucity of global analyses is heavily
related to the deficiency of methods for coordinated measurement of multiple parameters, there is a need for new
developments facilitating multi-parameter description of knee tissues.

Advances in medical imaging during the last decades resulted in a vast panel of acquisition protocols for
magnetic resonance imaging (MRI) and computed tomography (CT) able to capture numerous parameters of the

knee joint in three-dimension [6,7]. For example, particular MRI protocols allow quantifying cartilage morphology
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[8] or composition [9], and bone mineral density can be measured using CT [10]. Furthermore, it is possible to
image the joint successively using diverse devices and/or protocols, a procedure known as multi-modal imaging,
in order to supplement the description of the tissues. Surprisingly, multi-modal imaging has seldom been
performed to characterize the relationships among parameters in knee OA [11-13]. Additionally, to the authors’
knowledge, none of the relationship studies registered the acquisition. In fact, the parameters were extracted
independently from each set of images using regions of interest determined separately. While achieving multi-
parameter description, this methodology suffers from some limitations. Specifically, a consistency among regions
of interest is not guaranteed, the benefit of having complementary acquisition protocols allowing the identification
of different tissues is underused, and processing time might be squandered by the replication of some operations
with each images set [14-18]. Furthermore, although this methodology works for analyses based on large regions
of interest [11,19-21], it prevents applications requiring higher resolution, for example to analyze the spatial
variation of the parameters [10,22-24]. Consequently, relationship analyses would benefit from a registration
among images sets.

A few authors have already registered knee images acquired with different protocols, mainly to help
identifying regions of interest that could not be (accurately) identified in some sets of images [25-28]. In these
cases, the images were registered globally based on mutual information, such as voxel intensities [29,30]. Although
common in medical imaging, this fully-automatic approach is not always possible. Indeed, some acquisition
protocols have been designed to capture local properties of the knee and it would be risky to base the registration
on the entire images without considering the specificities of the acquisition protocols. Therefore, there is a need
for an alternative approach where the registrations would be guided by an expert. Advanced knee OA analyses
usually involve image segmentations in order to build three-dimensional mesh models of the tissues of interest.
Thus, the registration could be done by positioning the three-dimensional models in the various images sets using
features specific to the acquisition protocols identified by an operator. Recently, a method in this sense was
proposed where femoral bone and cartilage models were built using an images set and then visually positioned in
another images set where the tissue contours were only partially identifiable [31]. The method was shown to be
reliable, supporting an expert-based approach to multi-modal registration. However, this method, where the
operator has to manually update translation and rotation values until the models are positioned correctly, could be
improved by limiting the action of the operator to the placement of “attraction points™ and having an algorithm

automatically positioning the models according to the attraction points.
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This study aimed to develop an expert-supervised multi-modal registration method based on three-
dimensional tissue models and attraction points. While such a generic method could reveal useful for a variety of
applications, in agreement with the need to improve our understanding of knee OA and the availability of
acquisition protocols that can be crosschecked, it was evaluated in the cases of distal femoral and proximal tibial
bone registrations [4,5,7,32]. Specifically, the influence of the number of attraction points, as well as the intra- and

inter-modality registration error were characterized.

2. Materials and Methods

2.1. Expert-Supervized Registration Method

The method proposed in this study requires at least one set of images allowing segmenting the tissue of
interest to create a three-dimensional mesh model and one or more other sets of images where the three-
dimensional model will be imported based on attraction points placed manually. The method works equivalently
with entire or partial tissues. In addition to single tissues, it is possible working with an agglomeration of full
and/or partial tissues. In the present study, there were two distinct (partial) tissues of interest: the distal femoral
bone and the proximal tibial bone. These structures correspond to the portion of the bones that are imaged in
routine clinical evaluation of the knee joint [33]. To account for possible movements of the femur with respect to
the tibia between images sets, the femoral and tibial bones were registered separately.

The procedure, which is similar for both bones, is illustrated for the femur in Figure 1. Specifically, previously
described methods were used to segment and build three-dimensional mesh model of the bones (Fig. 1a and 1b)
[33-35]. The segmentation followed a sub-pixel approach consisting in contouring the tissues in the sagittal plane
with B-spline curves. A graphical interface was designed to load a set of images and let an operator navigate
through the images in order to manually place attraction points on the edge of the bones (Fig. lc and 1d). To
facilitate future uses, the method was implemented to work with attraction points distributed more or less
homogeneously in space. Concretely, with this methodology, the operator is simply asked to distribute the points,
without having to localize particular features or follow more specific guidelines. After placement of the points for
a bone model in an images set, the three-dimensional model was automatically positioned following its attraction
points using the Coherent Point Drift (CPD) algorithm (Fig. le) [36]. At this stage, the procedure is completed,
with the bone model from one images set registered to another images set. The registration can be used to identify
the bone voxels in the second images set (Fig. 1) or to establish an anatomical correspondence for more advanced

analyses [27].
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A. 1% set of images with B. Three-dimensional (3D) model

segmentation (blue lines)

C. 2% set of images with D. 3D cloud of E. 3D model positioned F. 2" set of images with
manually placed attraction attraction points following the attraction points registration of the 3D
points (red dots) model (red lines)

Figure 1. Illustration of the expert-supervised registration method for the distal femur. The method can
accommodate other tissues, such as the proximal tibia, and a higher number of images sets.

2.2. Imaging Datasets

Two datasets were used for this research project approved by the relevant ethics committees.

The first dataset corresponded to 10 formalin-fixed cadaveric adults knees scanned (DATA! CTI) and
rescanned (DATAI_CT?2) after repositioning using a 40 row detector helical CT machine (Discovery CT750HD;
GE Medical Systems). To have a gold standard to which comparing the proposed expert-supervised registration
method, five fiducial markers were embedded in each distal femur and proximal tibia before scanning. The
acquisition protocol was as follows: tube voltage, 120 kVp; reference tube current-time product, 200 mAs; bone
convolution kernel (U70u); voxel size of 0.5 x 0.5 x 0.312 mm. Following local regulations regarding research on
deceased persons, no demographic data was available for the samples. A senior musculoskeletal radiologist read
the CT scans and, based on the presence and severity of osteophytes [37], concluded that five of the knees had
degenerative changes (three mild and two severe changes).

The second dataset was composed of 10 knees imaged by CT (DATA2_CT) and MRI (DATA2_MRI) on the
same day. The CT scans in this dataset were obtained using a 40-detecor row CT scanner (Somatom Definition
AS; Siemens Healthcare, Forchheim, Germany). The acquisition protocol was: tube voltage, 120 kVp; reference
tube current-time product, 350 mAs with application of a dose modulation protocol (Care Dose 4D; Siemens
Healthcare); bone convolution kernel, U70u; voxel size of 0.3 x 0.3 x 0.3 mm. The MR images were acquired on
a 3-Tesla device (Magnetom Verio, Siemens Healthcare, Erlangen, Germany), using a double echo steady state

(DESS) sequence (repetition time (TR), 14.25 ms; echo time (TE), 5.09 ms; matrix size of 320 x 320; voxel size
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of 0.5 x 0.5 x 0.5 mm). The knees were from 5 males and 5 females with a median age of 62 years old (1 — 3~
quartiles: 59 — 67). A radiographic grading [38] performed by a senior musculoskeletal radiologist indicated that
five of the knees were osteoarthritic (three moderately and two severely).

The femoral and tibial bones were segmented in each acquisition and three-dimensional bone models were
reconstructed, as explained above (see 2.1). One operator (H.B.) processed the knees in DATA1 CT! and
DATA2 MRI, whereas a second operator (K.C.) handled the knees in DATA1_CT2 and DATA2 CT. The
segmentation was shared between two persons to allow inter-operator assessment, which is more relevant than

intra-operator characterization [35].

2.3. Number of Attraction Points

The attraction points are a key element of the proposed expert-supervised registration method. Consequently,
before anything else, their influence should be determined to ensure that the method is used properly. As explained
above (see 2.1), the method was designed to work with attraction points distributed more or less evenly in space.
Therefore, the influence of the attraction points reduces to the question of the number of points. To characterize
this aspect, one operator (H.B.) placed 4,000 points on the edges of both the femoral and tibial bones for each
images set in DATA1_CT2. Then, the three-dimensional models obtained from the segmentation of DATA1_CT1
by the same operator were positioned in the DATA1_CT2 acquisitions using the proposed method. For each bone,
the positioning was computed 10 times, with 32, 64, 128, 256, 512 and 1024 randomly selected attractions points,
respectively. The 600 (10 knees x 6 numbers of points x 10 repeats) femoral and tibial models obtained this way
in the images sets of DATA1_CT2 were compared to the models from the segmentation of DATAL_CT2 by the
second operator (K.C.), considered as references. Two common metrics were used to compare the registered and
reference models: the mean absolute distance (MAD) and the Dice index [39]. Finally, Wilcoxon rank-sum tests
[40], with a Bonferroni correction for multiple comparisons, were performed to compare the MAD and Dice index
between consecutive numbers of points. This analysis allowed defining an ideal number of attraction points that

was used in the rest of the study.

2.4. Intra-Modality Registration Error

While the proposed expert-supervised method will fully reveal its usefulness in inter-modality registrations,
an intra-modality assessment is instructive because it provides a basis evaluation independently of the differences
among acquisition protocols. To assess the registration error intra-modality, the three-dimensional bone models
from the segmentation of DATA1_CT1 by one operator (H.B.) were imported in the DATA1_CT2 images sets

and compared to the bone models from the segmentation of DATA1_CT?2 by the second operator (K.C.) that served
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as reference models. To allow a pertinent interpretation of the results, three registration methods were tested. First,
the bone models were positioned using the proposed expert-supervised method based on an ideal number of
attraction points (see 2.3) placed by the operator who segmented the acquisitions in DATA1 CT1 (H.B.). Second,
the bone models were positioned by overlapping the fiducial markers that were embedded in the bones before CT
scanning [41]. This method represents the gold standard, but it is rarely possible in vivo and inter-modality.
Therefore, to allow the assessment of the method in an inter-modality setting (see 2.5), a substitution gold standard
was also considered, where the bone models were positioned by registration of the entire bone models using a
standard algorithm [36]. This third method corresponds to an ultimate version of the proposed method, where the
operator would place an excessive number of attraction points. In practice, the third method is obviously
suboptimal as it would require unnecessary segmentation work and would not be applicable to acquisition
protocols allowing only partial segmentation of the tissues. For the three methods, the registered bone models of
the 10 femurs and tibias in DATA1 were compared to the reference bone models using the MAD and Dice index.
Lastly, to evaluate the proposed expert-supervised method and the substitution gold standard method, the MAD
and Dice index values obtained with these methods were compared to the results of the gold standard method using

Wilcoxon signed rank tests [40].

2.5. Inter-Modality Registration Evror

The inter-modality registration error was evaluated similarly to the intra-modality error by having one
operator (H.B.) segmenting one dataset (DATA2 MRI) and importing the bone models obtained that way into
another dataset (DATA2_CT). The other dataset was processed by a second operator (K.C.), leading to reference
bone models that could be compared to the registered models using the MAD and Dice index. Differently from
the intra-modality assessment, this time, MRI-based models were positioned in CT images. Moreover, since it was
impossible using fiducial markers, only two registration methods were considered, and the MAD and Dice index
values of the proposed expert-supervised method were compared to the values obtained with the substitution gold
standard method using Wilcoxon signed rank tests [40].

All processing and statistical analyses were performed using Matlab R2019b (Mathworks, Natick, MA,

USA). An alpha-level set a priori at 5% was used to determine statistical significance.
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3. Results

3.1. Number of Attraction Points

The median MAD between the registered and reference models decreased from 0.53 mm with 32 points to
0.39 mm with 1024 points in the femur, and from 0.54 mm with 32 points to 0.35 mm with 1024 points in the tibia
(Figure 2, Table 1). Differences in MAD achieved statistical significance between 32 and 64 points, as well as
between 64 and 128 points, both in the femur and the tibia (Z > 2.8, adjusted p < 0.03). Dice indices differed

significantly between 32 and 64 points in the femur (Z = 2.8, adjusted p = 0.03), and between 32 and 64 points as

well as between 64 and 128 points in the tibia (Z > 2.6, adjusted p < 0.04).

Based on the statistically significant differences and the magnitude of the differences, the ideal number of
attraction points was defined as 256. In fact, the errors obtained with 256 points were not significantly different

from the errors obtained with 512 points and the median errors varied by less than 5% between these two numbers

of points.
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Figure 2. Boxplots of the mean absolute distances (MAD, left) and Dice indices (right) between the registered and
reference bone models for varying number of attraction points. Asterisks indicate statistically significant differences
between successive numbers of points (*: adjusted p < 0.05, **: adjusted p < 0.01, ***: adjusted p < 0.001).
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Table 1. Mean absolute distances (MAD) and Dice indices between the registered and reference bone models for
varying number of attraction points.

Number of Attraction Points

32 64 128 256 512 1024
Femur
MAD 0.53* 0.47*° 0.42° 0.40 0.39 0.39
[0.46, 0.80] [0.40,0.56] [0.38,0.49] [0.37,0.46] [0.35,0.45] [0.35, 0.44]
. 0.95° 0.97" 0.97 0.97 0.97 0.98
Dice Index
[0.93, 0.97] [0.95,0.97] [0.95,0.98] [0.96,0.98] [0.96,0.98] [0.96, 0.98]
Tibia
MAD 0.54* 0.45%8 0.39% 0.36 0.35 035
[0.46, 0.62] [0.40,0.53] [0.34,0.45] [0.33,0.41] [0.31,0.41] [0.31, 0.40]
. 0.96" 0.97"® 0.97° 0.97 0.97 0.97
Dice Index

[0.95,0.97] [0.95,0.97] [0.96,0.97] [0.96,0.98] [0.96,0.98] [0.96, 0.98]

MAD and Dice indices are presented as the median [1* quartile, 3 quartile] of 100 registrations (10 knees x 10
repeats). MAD are reported in mm and Dice indices are unitless. Superscript letters indicate statistically significant
differences between successive numbers of points (lowercase: adjusted p < 0.05, uppercase: adjusted p <0.01, bold
uppercase: adjusted p < 0.001). Letters " @A correspond to differences between 32 and 64 points, whereas letters
b BandB correspond to differences between 64 and 128 points.

3.2. Intra-Modality Registration Error

The intra-modality results are presented in Figure 3 and Table 2. Before describing them in details, it is useful
recalling that this study assessed the methods using an inter-operator setting. With this setting, the MAD and Dice
indices are sensitive to the different segmentations produced by the two operators. These segmentation differences
explain why the MAD and Dice indices obtained with the gold standard do not indicate perfect matching. This
being said, the results in Figure 3 and Table 2 are twofold.

First, the proposed expert-supervised method resulted in larger MAD than the gold standard method, in
median by (.02 mm, and in lower Dice indices, in median by 0.01 unit. Only in the femur, did the methods achieved
statistically significantly different MAD (W = 55, p = 0.002) and Dice indices (W =0, p = 0.002).

Second, the MAD and Dice indices differed, in median, by less than 0.01 mm and less than 0.001 unit between
the gold standard and its substitution, respectively. There was no statistically significant difference between these

two methods.
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Figure 1. Boxplot of the mean absolute distances (MAD, left) and Dice indices (right) between the registered and

reference bone models for three registration methods. The expert-supervised method was run with 256 attraction

points. Asterisks indicate statistically significant differences between methods (**: p < 0.01).

Table 2. Mean absolute distances (MAD) and Dice indices between the registered and reference bone models for

three registration methods used intra-modality.

Substitution gold

Expert-supervised Gold standard standard
Femur
0.39%* 0.37 0.37
MAD [0.38, 0.48) [0.33,0.38] [0.31,0.39]
. 0.97%% 0.98 0.98
DiceIndex 1, 55 .98] [0.97, 0.98] [0.97, 0.98]
Tibia
0.34 0.32 033
Dice Index 097 o o
[0.97,0.98] [0.97, 0.98] [0.97, 0.98]

Data are presented as median [1* quartile, 3¢ quartile] over 10 knees. MAD are reported in mm and Dice indices
are unitless. Asterisks indicate statistically significant differences with respect to the gold standard (**: p < 0.01).

3.3. Inter-Modality Registration Error

When used to register MRI-based bone models in CT images scts, in an inter-operator setting, the proposed
expert-supervised method reported larger MAD than the substitution gold standard method, in median by 0.08 mm
for the femur and 0.03 mm for the tibia, and lower Dice indices, in median by 0.01 unit (Figure 4, Table 3). The

only statistically significant difference between the two methods was with the femoral MAD (W = 143, p = 0.005).
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Figure 4. Boxplot of the mean absolute distances (MAD, left) and Dice indices (right) between the registered and
reference bone models for two registration methods. The expert-supervised method was run with 256 attraction
points. Asterisks indicate statistically significant differences between methods (**: p < 0.01).

Table 3. Mean absolute distances (MAD) and Dice indices between the registered and reference bone models for
two registration methods used inter-modality.

. Substituti 1d
Expert-supervised ubsutution go

standard
Femur
MAD** ([)(';'T 1, 0.46] ?0.?363, 0.39]
Dice Index ?6(.)977, 0.97] ?6-9971 0.98]
Tibia
MAD ([)6%364, 0.48] ?6.3237, 0.43]
Dice Index ([)6?965, 0.97] ?6-9976, 0.97]

Data are presented as median [1¥ quartile, 3™ quartile] over 10 knees. MAD are reported in mm and Dice indices
are unitless. Asterisks indicate statistically significant differences between the two methods (**: p < 0.01).

4. Discussion

This study presented an expert-supervised registration method and showed its capacity to register the distal
femur and proximal tibia. The method has the potential to contribute to the advancement of knee OA research, by
facilitating multi-parameter description of the joint and stimulating the use of multi-modal imaging [42]. While it

was designed with the aim to improve our understanding of the relationships among knee parameters in the
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framework of OA [4,5], it could certainly reveal useful for a variety of pathologies that would benefit from a more
comprehensive characterization of the tissues using multi-modal imaging, such as osteoporosis and cancer [43-
45].

Establishing a spatial correspondence among images sets acquired with different devices and/or protocols, as
proposed in this study, offers several advantages. First, it could enhance the quality of the three-dimensional tissue
models by limiting the segmentation to the images sets offering the most distinct contours. Working with images
sets easier to segment could also prove beneficial for the use of automatic segmentation [46,47]. Second, placing
attraction points in some images sets rather than segmenting all the images sets could save a significant amount of
time. The gain could become even more appreciable when some images sets display poor contours. Third,
registering the models could enhance the analysis by a better spatial consistency among images sets and the
possibility to perform analyses at higher resolution, for example in term of spatial variations [10,22-24]. On top of
that, the method introduced in this study is interesting because it uses the expertise of an operator. This
characteristic confers a control to the operator who could specify the features to consider in the images. This
adaptability could reveal extremely useful with acquisition protocols optimized to measure specific parameters
and not trustable over the entire images [6,7].

As expected, the registration errors decreased with larger number of attraction points. However, there was a
plateau starting at about 256 points, confirming the practicability of the method. Indeed, less than five minutes
were required to place 256 points. Statistically significant differences were observed between the proposed method
and the gold standard / substitution gold standard, but they were small, with differences below 0.1 mm in median
MAD and 0.1 unit in median Dice indices. Speaking about gold standard, it is worth noting that although the
substitution gold standard is frequently used in literature [48], to the authors’ knowledge, it was never assessed for
distal femur and proximal tibia registrations. In this regard, the present study confirmed its validity, at least with
acquisition protocols providing clear bone contours. The registration of knee tissues being a relatively new
consideration, there is only few prior data for comparison. Nevertheless, the median MAD (< 0.44 mm) and Dice
indices (> 0.97) obtained with the proposed method both intra- and inter-modality were in line with previous
studies reporting inter-modality precision errors between 0.48 and 0.81 mm [49] and Dice indices between 0.96
and 0.98 [27,50] for the distal femur and proximal tibia. While this comparison should be interpreted with caution
due to numerous experimental differences among studies, such as the number and condition of the study knees,
the acquisition protocols and the intra/inter-operator settings, it suggests that the proposed method based on

attraction points could perform at least equivalently to other methods requiring fully segmentation of the bones.
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Basing the registration on attraction points is interesting because it does not require preprocessing the images
sets to have specific field of view or resolution. In addition to improving the accuracy of the data extracted from
the images after registration and speeding up computation time [29], directly working with the original data makes
the method compatible with a larger panel of acquisition protocols. This could prove particularly relevant for a
democratization of analyses based on registration in clinics, as routine acquisition protocols can include anisotropic
resolutions or partial imaging of the joint.

It should be noted that, beyond a specific method, the present study introduced a registration concept for
multimodal imaging. In fact, the idea of positioning a three-dimensional model using attraction points could be
implemented using other segmentation, model building and distance minimizing algorithms [29]. In order to assess
the registration error, this study focused on the distal femoral and proximal tibial bones. The method is obviously
also applicable to other tissues and images sets where only a portion of the tissue contour is identifiable. Once the
position of a tissue model is known in two or more images sets, a spatial correspondence exists among the images
sets. This correspondence could be used to register other tissues, or more generally to register voxels [51,52]. For
example, a bone & cartilage model could be created with one image set and then, by positioning the model based
on the bone contour, it could be possible identifying the cartilage in another images set where cartilage edges are
hardly identifiable [31].

Following the study objectives, this work assessed the influence of the number of attraction points and the
registration error. While this was done appropriately, with an adequate number of knees representative of the
general population [53-56] and by having the knees processed by two operators with typical levels of experience,
further research will be necessary to characterize the proposed method in situation. Indeed, the convincing
practicability and error results obtained so far call for the method to be used for multi-parameter description of the
knee joint, among others. Doing so will notably involve different acquisition protocols, measures, and clinical

presentations, and specific validations will be needed according to these future applications.

5. Conclusions

In conclusion, this study presented an expert-supervised registration method and showed its capacity to
register the distal femur and proximal tibia. This promising initial step supports further developments using this
method for multi-parameter description of healthy and OA knee joints, among other applications. By facilitating
the characterization of the relationship among knee parameters using multi-modal imaging, over time, this study

could contribute to a better understanding and management of OA.
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ARTICLE INFO ABSTRACT

Keywords: Objective: This study aimed to improve our understanding of the relationship between bone and cartilage by

CI‘art.hf-ography characterizing the morphological coupling between these mechanosensitive tissues exposed to the same me-

ﬁegll""“t chanical environment within each knee. Specifically, it reanalyzed a prior dataset to test the hypothesis that the
ading

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 sSBMD 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 (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.

Osteochondral unit

1. Introduction Characterizing the relationships seems however necessary at this

moment because recent disease models have suggested that the re-

While it is now established that knee osteoarthritis (OA) is a complex
disease affecting the whole joint [1,2], there remains a lack of under-
standing of the interactions between the diverse elements of the disease.
Indeed, while numerous knee properties have been described at various
stages of the disease [1,2], little is known about their relationships.

lationships could be more meaningful than isolated properties to un-
derstand OA pathophysiology [3].

One relationship of particular interest is between cartilage thickness
(CTh) and subchondral bone mineral density (sBMD) [4], two hallmarks
of the disease. Focusing on these two properties is particularly motivated

Abbreviations: CT, computerized tomography; OA, osteoarthritis; CTh, cartilage thickness; sBMD, subchondral bone mineral density.
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by the fact that cartilages and subchondral bones are mechanosensitive
tissues thought to interact as functional units. There is growing evidence
of a biomechanical coupling between these tissues conditioned by gait
mechanics [2,5,6]. For example, in non-OA knees the ratio of bone
mineral density in the medial and lateral compartments was shown to be
positively correlated with loading during gait (knee adduction moment)
[7]1, and a similar positive correlation was described for CTh and the knee
adduction moment [6]. Nevertheless, there is a paucity of studies ana-
lysing both CTh and sBMD in the same knees [8,9], and therefore few
data on the relationship between these two properties.

Interestingly, a recent study measuring CTh and sBMD simulta-
neously using computed tomography arthrography (CT arthrogram) re-
ported an association between the magnitudes of CTh and sBMD in non-
OA femoral condyles [8]. Specifically, thicker CTh was positively
correlated with denser sBMD. Although this later study brought new
insights to the relationship between CTh and sBMD and thus to the un-
derstanding of the osteochondral unit, it only analysed CTh and sBMD
magnitudes. Since CTh and sBMD have been shown to vary spatially
[10-20], our understanding of non-OA femurs could be enhanced by
determining if thicker CTh and denser sBMD are also correlated spatially.
Establishing such correlations for non-OA knees could be an important
step towards characterizing knee homeostasis. It could also contribute to
the development of new methods for assessing early changes leading to
knee OA, as some relationships between CTh, sBMD and gait mechanics
have been reported to differ with the disease [3].

Thus, the purpose of this study was to reanalyse the dataset in
Ref. [8], using novel methods, to test the hypothesis that the locations of
thickest CTh and densest sBMD are positively correlated along the
anteroposterior and mediolateral directions in the medial and lateral
load-bearing regions of non-OA femoral condyles. A secondary objective
was to compare the locations of thickest CTh and densest sBMD.

2. Methods
2.1. Population and image acquisition

The dataset reanalyzed in this study consisted of 50 CT arthrograms of
non-OA knees from 32 females and 18 males (median age: 58.7 [IQR 6.6]
years; biepicondylar femoral diameter: 7.9 [0.9] cm; femorotibial angle:
4.4 [2.6] degrees). The dataset and the acquisition procedure were
described previously in details [8]. Briefly, it was composed of consec-
utive patients aged over 50 years referred to a single imaging center over
a 24-month period who had a CT arthrogram and weight-bearing ra-
diographs of their knees the same day. The exclusion criteria were: a
Kellgren-Lawrence grade > 1 in any of the medial, lateral or trochlear
compartments [21], any imaging sign of previous knee surgery
(including knee replacement surgery, ligamentoplasty, cartilage or
meniscal repair procedures), post-traumatic or rheumatological disorders
(including the presence of intra-articular calcifications), and poor image
quality. This pre-existing dataset was of sufficient size to test the hy-
pothesis in this study, as a sample size calculation estimated that a
minimum of 47 knees was necessary to test for two-tailed correlation of
r > 0.4 with a of 0.05 and power of 0.80. Expected correlations for the
sample size calculation were based on a recent systematic review of re-
lationships between CTh, sBMD and gait mechanics [3]. The study was
approved by the institutional ethics committee without requirement for
informed consent of the participants due to the retrospective study
design.

2.2. Image acquisition and processing

CT examinations were performed after intraarticular injection of
10 mL of ionic contrast material [10]. Patients were lying supine, with
the knees extended. Acquisitions were made using a 40-detector row CT
scanner (Somatom Definition AS; Siemens Healthcare, Forchheim, Ger-
many) with the following parameters: tube voltage of 120 kVp; reference
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tube current-time product of 350 mAs with the application of a dose
modulation protocol (Care Dose 4D; Siemens Healthcare); bone convo-
lution kernel (U70u), voxel size of 0.3 x 0.3 x 0.3 mm.

Two-dimensional (2D) anatomically standardized maps of CTh and
sBMD were obtained using previously published methods, summarized
as follows and illustrated in Fig. 1. Each CT arthrogram was segmented
semi-manually to build three-dimensional (3D) models of distal femoral
bone and cartilage [10,22]. CTh and sBMD values were then calculated
for each subchondral vertex of the bone model by, respectively,
measuring the distance between the bone and cartilage models [22] and
averaging the CT intensity of the bone voxels within a distance of 3 mm
[10]. The inter-observer reliability of these magnitude measurement
methods was shown to be adequate in prior studies [8,23]. Since CTh and
sBMD measurements were paired (i.e., performed at the same positions
in the CT frame of each knee), the 3D CTh and sBMD maps were auto-
matically registered for each femur. Lastly, a registration technique was
applied to standardize the individual 3D CTh and sBMD maps and allow
comparing the 50 femurs [22]. This resulted in 2D anatomically stan-
dardized maps of CTh and sBMD for each knee.

2.3. Locations of thickest CTh and densest sBMD

For each femur, the locations of thickest CTh and densest SBMD were
identified in medial and lateral load-bearing regions of interest common
to both properties using a weighted average method (Fig. 1) [24]. The
regions of interest were defined as squares with sides' length equal to half
the mediolateral size of the standardized maps. Mediolaterally, they were
positioned in each half of the map to avoid any overlap. Their ante-
roposterior positions were determined independently for the medial and
lateral compartments using an automatized iterative method [11]. Each
iteration of this method consisted in determining the locations of thickest
CTh and densest sBMD of the 50 femurs in the current regions of interest
and then in updating the position of the regions of interest by centering
them on the average location of the 50 thickest CTh and densest sSBMD
locations. Iterations were repeated until the convergence of both regions
of interest to a constant position. The regions used in this study to locate
the thickest CTh and densest sBMD in 2D anatomically standardized
maps agreed with regions described in literature [11]. In addition, five
knees randomly selected were processed twice by different observers
(segmentation and location of thickest CTh and densest sBMD) to assess
the inter-observer reliability. This evaluation reported excellent reli-
ability, with an intraclass correlation coefficient (ICC) of 0.99. The lo-
cations of thickest CTh and densest sSBMD were expressed in percent of
the anteroposterior and mediolateral sizes of the standardized maps.

2.4. Statistical analysis

First, four separate Pearson correlations were used to assess the re-
lationships between the locations of thickest CTh and densest sBMD
along the anteroposterior and mediolateral directions in the medial and
lateral compartments. Second, since gender, age, biepicondylar diameter
and femorotibial angle have been shown to be associated with CTh and
sBMD [25,26], partial correlations were calculated to describe the rela-
tionship between the locations of thickest CTh and densest sBMD while
controlling for these four confounding variables [22]. Additionally,
paired Student's t-tests were performed to compare the locations of
thickest CTh and densest sBMD along both directions in both compart-
ments. Parametric statistics was used after confirmation of the normal
distribution of the data using Kolmogorov-Smirnov tests. All statistical
calculations were done with R version 3.4.2 (R Core Team, 2017), and an
a-level of 5% was considered statistically significant for all tests.

3. Results

The Pearson correlations indicated that, along the anteroposterior
direction, the locations of thickest CTh was statistically significantly
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positively correlated to the location of densest sBMD in both the medial
(r = 0.45, 95% confidence interval (CI) [0.20, 0.65], p = 0.001) and the
lateral (r = 0.46, 95% CI [0.21, 0.65], p < 0.001) compartments (Table 1,
Fig. 2). No relationship along the mediolateral direction achieved sta-
tistical significance (p > 0.124). The partial correlation analyses resulted
in the same statistically significant relationships between the locations of
thickest CTh and densest sBMD (Table 1).

The location of thickest CTh was more posterior than the location of
densest sBMD in both the medial (43.6 + 3.5 vs. 44.9 + 3.6% of the
anteroposterior standardized map size; p = 0.014) and lateral (59.5 + 4.5
vs. 64.8 + 3.8%; p < 0.001) compartments (Table 2, Fig. 3). In addition,
the location of the densest sSBMD along the mediolateral direction was
more medial than the location of thickest CTh in the lateral compartment
(23.0 = 3.3 vs. 20.9 + 2.2% of the mediolateral standardized map size;
p < 0.001). To help the interpretation, for an average knee with an
anteroposterior and mediolateral subchondral bone size of 96 mm and
64 mm [22], respectively, these differences would correspond on average
to 1.2 mm along the anteroposterior direction in the medial compart-
ment, to 5.1 mm along the anteroposterior direction in the lateral
compartment, and to 1.3 mm along the mediolateral direction in the
lateral compartment.

4. Discussion
In this paper, we showed that the locations of thickest CTh and

densest sBMD are positively correlated along the anteroposterior direc-
tion of non-OA femoral condyles, suggesting that spatial morphological

Cartilage thickness (CTh)
[Millimeters]
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variations are coupled between subchondral bones and cartilages
consistently with the main motion of the joint. These results are consis-
tent with the current understanding of the knee function. Indeed, carti-
lage growth and bone densification are both stimulated by mechanical
loading [24,27]; load experienced by both tissues should occur in
neighboring locations within each femur [2,5]; ambulatory mechanics
differ among individuals, leading to variations in the areas of the joint
exposed to larger loads [28,29].

The positive relationships in non-OA knees between CTh and sBMD
along the anterior-posterior direction are in line with previous reports
showing that the spatial variations in thickest CTh location were asso-
ciated with variations in sagittal plane kinematics during walking [24,
30]. Thus, the current results taken together with prior gait studies
provide additional support for the idea of a local coupling between
articular cartilage and subchondral bone related to each tissue adapting
to gait mechanics. In particular, this observation suggests that mechan-
ical signals can transcend scales from whole-body mechanics to a
response detectable at the scale of the tissue. The coupling observed in
the present study reveals a clinical importance when considered together
with prior descriptions of spatial shifts in femorotibial loading during
walking with pathological conditions associated to knee OA, such as
rupture of the anterior cruciate ligament [24]. In fact, changes in loading
pattern without adaptation of cartilage and/or bone to the new loading
condition can lead to a degenerative pathway [6].

The results in this study bring additional support to OA pathophysi-
ology models such as the “Integrated Joint System (IJS) [3]”, which
postulate that knee health depends on homeostatic relationships where

Fig. 1. Illustration of the method used to
measure the location of the thickest CTh
and densest sBMD in an individual
femur. First, the femoral bone and
cartilage are segmented on the CT
arthrogram (1),  yielding three-
dimensional maps of CTh (2a) and
sBMD (2b). Each map is then anatomi-
cally standardized (3) and the locations
of thickest CTh (star in 3a) and densest
sBMD (cross in 3b) are identified in the
medial (top) and lateral (bottom) load-
bearing regions of interest, yielding a
pair of locations for each region of in-

Posterior (% terest (4).

) 100
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o
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Table 1
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Relationships between the locations of thickest cartilage thickness (CTh) and densest subchondral bone mineral density (SBMD) in the medial and lateral femoral

compartments.

Pearson correlation

Partial correlation®

R [95% CI] P-value R [95% CI] P-value
Medial compartment
Anteroposterior direction 0.45 [0.20, 0.65] 0.001 0.46 [0.19, 0.66] 0.001
Mediolateral direction 0.22 [-0.06, 0.47] 0.124 0.22 [-0.07, 0.48] 0.133
Lateral compartment
Anteroposterior direction 0.46 [0.21, 0.65] <0.001 0.38 [0.10, 0.61] 0.009
Mediolateral direction 0.07 [-0.21, 0.34] 0.636 0.09 [-0.21, 0.37] 0.553

P-values in bold indicate statistically significant relationships between thickest CTh and densest sBMD locations (p < 0.05). Statistically significant relationships are

illustrated in Fig. 2.

# Partial correlation between CTh and sBMD locations while controlling for age, gender, biepicondylar femoral diameter and femorotibial angle confounding

variables.

Anteroposterior direction in
the medial compartment

60 r=10.450
p=0.001

45 o

Anteroposterior location of densest sSBMD
(%)

45 50 35 60
Anteroposterior location of thickest CTh
(%)

Anteroposterior direction in
the lateral compartment

r=0.458
w  p<0.001

Anteroposterior location of densest sBMD
(%)

60 )
70 80 %0
Anteroposterior location of thickest CTh
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Fig. 2. Scatter plots of the location of densest sBMD with respect to the location of thickest CTh along the anteroposterior direction in the medial (left) and lateral

(right) compartments.

tissue properties are mutually adapted. Although only a few studies so far
focused on the relationships between knee properties, some relationships
have been shown to differ with knee OA [3]. Specifically, a previous
work reported a positive relationship between CTh and sBMD magni-
tudes in non-OA femurs and a negative relationship in OA femurs [8].
The transition from positive to negative relationships with OA could
provide a basis for early disease detection as it might reflect metabolic
changes that occur early in the disease [31]. For example, the greater
metabolic activity of bone relative to cartilage would suggest different

Table 2

Locations and magnitudes of thickest cartilage thickness (CTh) and densest
subchondral bone mineral density (sBMD) in the medial and lateral femoral
compartments.

Thickest CTh Densest SBMD P-values

Medial compartment

Anteroposterior location 44.9 + 3.6% 43.6 + 3.5% 0.014

Mediolateral location 69.3 £ 4.2% 70.0 £ 4.2% 0.357

Magnitude 21+ 0.4 mm 1697.5 +£ 70.1 HU n/a
Lateral compartment

Anteroposterior location 64.8 + 3.8% 59.5 + 4.5% <0.001

Mediolateral location 209 £ 2.2% 23.0 £3.3% <0.001

Magnitude 2.1 + 0.5 mm 1577.3 + 71.8 HU n/a

Location and magnitude data are presented as mean + standard deviation of the
50 knees. Location data are in percent of the anteroposterior or mediolateral sizes
of the standardized maps (see Fig. 3), whereas magnitude data are in mm for CTh
and in Hounsfield units (HU) for sBMD.

P-values in bold indicate statistically significant differences between CTh and
sBMD locations (p < 0.05).

morphological adaptations to loading changes in cartilage compared to
bone as OA develops. Thus, the detection sensitivity could be enhanced
by using a metric based on the coupling of CTh and sBMD rather than by
analysing these properties in isolation. Altogether, these observations
warrant further research on the relationship between CTh and sBMD as
well as the extension to other properties. The interest of extending to
other properties in the future is particularly well supported by a recent
study reporting positive correlations between thicker CTh and thicker
subchondral bone plate in normal sheep knees and changes in the re-
lationships between these properties after partial meniscectomy [15].

0 Posterior (%) 100

Medial (%)

A J
Fig. 3. Average (+ standard deviation) location of thickest CTh (red) and
densest sSBMD (blue) for the 50 knees.
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This study presents some limitations, including its retrospective
design that limited the confounding variables that could be included in
the analyses. Further studies should consider other confounding vari-
ables such as participants' size and body mass index. Similarly, taking
into account the inter-individual differences in local knee morphology
could help explain the absence of correlation along the mediolateral di-
rection [32,33]. Another limitation is the absence of mechanical loading
data. Although the locations of thickest CTh and densest sSBMD agree
with prior works reporting the areas of the femur in contact with the tibia
during daily activities [16,29,34,35] and although the location of
thickest CTh has been related to the knee flexion angle during walking
[24,30], future studies should consider knee dynamics and loading pat-
terns in addition to bone and cartilage properties for a global under-
standing of the osteochondral unit. In addition, the methodology is only
applicable to non-OA knees, as measuring the location of thickest CTh is
irrelevant in knees with substantial cartilage loss. A previous work on
CTh and sBMD magnitudes has shown different relationships in non-OA
and severe OA knees [8]. It is therefore of particular interest to develop
new methods allowing the characterization of the spatial relationship
between CTh and sBMD in both OA and non-OA knees. Lastly, BMD
quantified by clinical CT is a measure of apparent density. As such, it
includes calcified cartilage, whose thickness varies topographically, and
non-mineralized tissues in the attenuation calculation [4]. In particular,
BMD should not be mistaken for true tissue mineral density (TMD) which
requires a segmentation of the bone to distinguish calcified bone tissue
from surrounding tissue [36].

In conclusion, this study showed a positive in vivo relationship be-
tween locations of thickest CTh and densest sBMD. These results support
the idea of a functional unit with morphological coupling between
articular cartilage and subchondral bone, and more generally support OA
pathophysiology models based on relationships between joint properties.
Future research characterizing the spatial relationship in intermediate
and severe OA stages could further improve our understanding of knee
OA.
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Decreased adaptation of cartilage thickness (CTh) and bone
mineral density (sBMD) spatial variations in osteoarthritic
versus non-osteoarthritic knees

Abstract

Objective: This study aimed to characterize the spatial relationship between cartilage thickness (CTh) and
subchondral bone mineral density (sSBMD) 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 QA 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 CTh-sBMD relationship 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
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.

1. Introduction

Although knee osteoarthritis (OA) affects the whole joint [1], the articular structures have primarily been studied
in isolation, limiting the global understanding of the disease. More recent models of OA pathophysiology peint to the

value of studying the relationships between joint components [2]. According to these models, in the homeostatic state,
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articular structures are mutually adapted in what could be described “healthy” relationships among joint components.
With OA, these relationships progressively deteriorate, to the point of being reversed in severe OA compared to non-
OA knees. This relationship-based approach to the disease could significantly improve our understanding of knee OA.

The relationship between cartilage and subchondral bone is of particular interest. These tissues are thought to
form a functional unit, the osteochondral unit, specialized in the transfer of load [3]. Numerous histological,
biochemical and genetic data point to the interaction and crosstalk between cartilage and subchondral bone, and their
role in the pathogenesis of OA [3-5]. While imaging could play a key role in further characterizing the relationships
between cartilage and subchondral bone, imaging-based studies in this area are still scarce [3,4]. Using the capability
of CT arthrography to concomitantly provide information on cartilage thickness (CTh) and subchondral bone mineral
density (sBMD) at high resolution, two recent studies have brought in vivo evidence on the relationships that exist
between these tissues in human knees [6,7]. First, non-OA knees with thicker CTh were shown to have denser sBMD,
whereas in severe OA, knees with thinner CTh had denser sSBMD [6]. Second, in non-OA knees, an association was
shown between the locations of thickest CTh and densest sBMD [7]. While these results have improved our
understanding of the relationships between cartilage and subchondral bone, there remain some knowledge gaps. In
particular, there is a need to characterize the relationships between cartilage and subchondral bone in terms of spatial
variations of the tissue characteristics along the articular surfaces [8], and to compare these relationships among
varying OA severity. Indeed, so far the relationships between CTh and sBMD have been assessed between knees and
only for some disease stages.

This study aimed to characterize the spatial relationship between CTh and sBMD within non-OA knees, as well
as in knees spanning all medial OA severities. Based on previous data reviewed above [6,7], the hypotheses of this
study were: 1) there is a positive relationship in non-OA compartments, with denser sSBMD spatially associated with
thicker CTh, and 2) there is a progressive reversal in the relationship with increasing QA severity, to the point of having

denser sBMD spatially associated with thinner CTh in compartments with severe OA.

2. Methodology
2.1. Population sample

This retrospective cross-sectional study analyzed consecutive knee CT arthrograms performed in the work-up of

meniscochondral injuries. The inclusion criteria were CT arthrograms and posteroanterior weight-bearing (Lyon-
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Schuss) and lateral radiographic views of the knee obtained the same day for patients aged over 50 years old. A
musculoskeletal with 10 years of experience graded the knee radiographs using a modified Kellgren-Lawrence (K/L)
system (medial and lateral compartment graded separately) [29]. Knees with lateral compartment OA were excluded
(lateral compartment K/L>2), as well as knees presenting imaging signs of osteoligamentous injury, previous knee
surgery (including cartilage repair procedures, ligamentoplasty and knee replacement procedures), crystal arthropathy,
inflammatory joint disease, or poor image quality. In total, 111 knees from 111 patients were included. They were
divided in four groups based on the K/L grade in the medial femorotibial compartment: non-OA (K/L=1)(n=51, 18
men, 58.6 [ 1% quartile 55.9, 3™ quartile 62.7] years old), K/L2 (n=26, 11 men, 61.7 [56.0, 69.5] years old), K/L3 (n=25,
11 men, 62.3[56.4, 76.3] years old) and K/L4 knees (n=9, 5 men, 64.5 [59.8, 68.9] years old). Chi-square and Kruskall-
Wallis tests were used to assess group differences in categorical (sex) and continuous variables (age, femoral and tibial
bone sizes). Age differences between the subgroups achieved statistical significance (H(3) = 8.46, p = 0.037) but post-
hoc Wilcoxon rank-sum tests with Bonferroni corrections for multiple comparisons indicated that no differences
achieved statistical significance (adjusted p > 0.095). There were no significant differences between KL groups for
patient sex (X%(3, 111)=1.67, p=0.637), femoral bone size (H(3)=1.51, p=0.679), represented by the bicondylar femoral
diameters, or tibial bone size (H(3)=1.57, p=0.667), represented by the tibial diameter, measured on axial CT images
following previously reported methodology [9]. The study was approved by the institutional ethical committee without

requirement for informed consent of participants due to the retrospective study design.
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Table 1. Demographics and bone morphometric parameters of the groups.

non-0A K/L 2 K/L 3 K/L 4

Subjects (n) 51 26 25 9
Sex (male/female) 18 /33 11/15 11/14 5/4
Age (years) 58.6 61.7 62.3 64.5

£e Lyear [55.9, 62.7] [56.0, 69.5] [56.4, 76.3] [59.8, 68.9]
Femoral bone size: biepicondylar femoral diameter 7.9 7.8 8.1 83
(cm) [7.5, 8.4] [7.5,8.9] [7.9,8.7] [7.5,8.4]

L L . 7.1 72 7.5 7.6
Tibia bone size: tibial diameter (cm) (6.9, 7.8] (6.5, 8.0] (7.1,7.9] [6.9,7.]

Data are presented as either number or median [ Ist quartile, 3rd quartile]. Group comparison statistics were performed
using a chi-square test (sex) and Kruskal-Wallis test followed by post-hoc Wilcoxon rank-sum tests with a Bonferroni
correction for pairwise differences between columns(age, femoral bone size, tibial bone size) and no difference achieved
statistical significance (adjusted p=0.095)

2.2 Image acquisition and processing

Intraarticular injection of 10mL of ionic contrast material was performed in each knee following the same
fluoroscopy-guided procedure. CT examinations were then acquired with the patient supine, with extension of the
knee, on a 40-row detector helical CT scanner (Somatom Definition AS; Siemens Healthcare, Forchheim, Germany),
using the following acquisition parameters: tube voltage, 120 kVp; reference tube current-time product, 350 mAs with
the application of a dose modulation protocol (Care Dose 4D; Siemens Healthcare); bone convolution kernel (U70u),
voxel size of 0.3x0.3x0.3mm. In order to avoid significant penetration of contrast material into surrounding structures

such as bone and cartilage, the acquisition of CT was done within 15 min after the intraarticular injection [6,10].

2.3 sBMD, CTh and their association

Anatomically standardized maps of CTh and sBMD were calculated using previously described and validated
methods [11,12]. Briefly, each CT arthrogram was segmented semi-manually using in-house software to build three-
dimensional models of femoral and tibial bones and cartilages (Fig. 1a). Three-dimensional CTh and sSBMD maps were
then calculated based on the distance between the bone and cartilage models [13] and the CT intensity of the bone
voxels [10], respectively (Fig. 1b). Next, two-dimensional anatomically standardized CTh and sBMD maps were
derived from the three-dimensional maps using the method described by Favre et al. [11,12] (Fig. l¢). Finally, the
spatial relationship between CTh and sBMD was assessed in the load-bearing regions of the medial and lateral femoral
condyles and tibial compartments (Fig. 1d), based on 556 to 1060 pixels. Specifically, Lee’s L [14], a measure of

bivariate spatial association extending bivariate association measures by accounting for the spatial distribution of the
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maps, was used to quantify the relationship between the CTh and sSBMD maps. The statistic ranges from -1<L<1, where
positive values indicate that sSBMD is denser where CTh is thicker, and negative values indicate that sSBMD is denser
where CTh is thinner. Additionally, the average CTh and sBMD values in the load-bearing region of the medial and

lateral femoral condyles and tibial compartments were computed [15].
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E 15 1.6 I
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B Lee's L=-0.57 Lee'sL=0.72

Figure 1. Measurement of Lee’s L in a non-OA knee (A) and a K/L 4 knees (B).

2.4 Statistical analyses

Pairwise differences in Lee’s L, CTh and sBMD were assessed between consecutive groups of increasing OA
severity using Wilcoxon rank-sum tests. All processing and statistical analyses were performed using Matlab (Release
2019b, Natick, MA). An alpha-level of 5% was considered for all tests. Furthermore, the reported p-values were

adjusted for multiple comparisons using a Bonferroni correction.

3. Results
In the medial compartment, for the femur, differences in Lee’s L achieved statistical significance between all

groups of consecutive OA severities (z>2.46, adjusted p<0.04), progressively decreasing from positive values in the
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non-OA group (median L=0.79) to negative values in the K/L4 group (median L=-0.52) (Figure 2 and Table). Similarly,

in the medial tibia, differences in Lee’s L achieved statistical significance between all groups of consecutive OA

severity (z>3.47, p<0.01), progressively decreasing from positive values in non-OA knees (median £L=0.70) to negative

values in K/L4 knees (median £=-0.42).

In the lateral compartment, the spatial variations in CTh and sBMD remained positively associated for both the

femur (median £>0.55) and the tibia (median £>0.69) and did not vary significantly from one severity group to the

next (p=0.82).

While there was a trend for increasing sSBMD and decreasing CTh with increasing OA severity in the medial

compartment, statistically significant differences from one severity group to the next were rare. In the lateral

compartment, no statistical difference was found for sBMD and CTh between consecutive severity grades.
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Figure 2. Distribution of Lee’s L, mean CTh and sBMD values per OA severity group in the femur and the tibia. The

stars indicate differences between groups of sequential OA severity that achieved statistical significance (*: adjusted
p<0.03; **: adjusted p<0.01; ***: adjusted p<0.001).
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Table 2. Lee’s L, CTh and sBMD in the femoral condyle and tibial compartments

non-OA (n = 51) K/L 2 (n =26) K/L3 (n=25) K/L 4(n=9)
Femur
Lee's L
Medial condy 0.79 , 0.57 oy 0.05 . 052
cdial condyle [0.67, 0.83] [0.31,0.71] [-0.36,0.42) [-0.68, -0.18]
L ateral condv] 0.55 0.58 0.56 0.56
ateral condyle [0.39, 0.67] [0.40, 0.68] [0.35, 0.60] [0.18, 0.58]
CTh
Medial condsl 1.57 1.31 , 0.86 s 0.75
ccal condyle [1.36, 1.67] [1.13,1.72] [0.66, 1.29] [0.60, 0.83]
L ateral condv] 1.29 1.27 1.28 1.64
ateral condyle [1.08, 1.54] [1.07, 1.52] [0.93, 1.50] [1.19, 1.71]
sBMD
Medial condv] 1594.4 s 1670.7 o 1657.1 1730.6
cdial condyle [1554.4, 1637.1] [1591.3, 1705.3] [1609.5, 1741.1] [1684.0, 1872.2]
L ateral conds] 1490.5 1514.5 1481.7 14779
ateral condyle [1445.1, 1544.0] [1468.4, 1581.1] [1427.4, 1525.3] [1398.5, 1540.9]
Tibia
Lee's L
. 0.70 R 0.56 s 015 b 042
Medial compartment , &, gg [0.35, 0.66] [-0.15, 0.40] [0.59, -0.23]
Lateral compartment 0.78 0.60 0.73 0.73
P [0.61, 0.84] [0.46, 0.80] [0.56, 0.79] [0.56, 0.79]
CTh
Medial compartment 32 1.41 , 1.10 112
! P [1.24,1.51] [1.07,1.66] [0.81,1.26] [1.05,1.19]
Lateral compartment 175 s Lot 1.65
P [1.51, 1.89] [1.47,1.93] [1.47, 1.90] [1.40, 2.05]
sBMD
Medial 1616.8 , 1663.8 o 1641.9 1685.6
edial compartment 559 4 1663.1] [1629.0, 1731.0] [1589.0, 1687.9] [1640.2, 1791.9]
1525.9 1561.5 R 1490.8 5 14408

Lateral compartment

[1469.6, 1577.4]

[1520.5, 1602.6]

[1431.4, 1538.0]

[1390.0, 1507.1]

Data are presented as median [ 1st quartile, 3rd quartile]. Lee’s L is dimensionless, CTh measures are in mm, and sBMD
measures in Hounsfield units. The ', 2, * and * superscripts indicate differences between groups of sequential OA

(adjusted p < 0.05).

4, Discussion

In this paper, we showed that there is 1) a strong (L>0.5) positive relationship between sBMD and CTh in non-

OA medial and lateral compartments, with denser sSBMD spatially associated with thicker CTh, and 2) a progressive
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reversal of CTh-sBMD relationships with increasing OA severity in the compartment, from strongly positive to
strongly negative associations.

Interestingly, the monotonic differences between consecutive OA grades observed by studying the spatial
association between CTh and sBMD were found less consistently and in much lower number when assessing sBMD
or CTh in isolation. Indeed, CTh and sBMD vary greatly among individuals, as well as within individuals between
locations along the articular surfaces [8,11]. These inter- and intra-individual differences have always made it difficult
to use CTh and sBMD to define the normality of the tissues, or to compare knees between individuals. While the spatial
variations have been relatively overlooked so far, our results suggest that they could be highly informative. In fact,
spatial variations allow the assessment of bone and cartilage with respect to each other, which could be used as a
marker of the functioning of the ostcochondral unit. This measure is furthermore interesting because it is
“standardized” against the natural variations that exists among individuals: it is sensitive to the spatial variations but
not to the magnitudes of CTh and sBMD. Consequently, it could become a powerful tool to evaluate the osteochondral
health and differentiate between disease states.

Our results extend the few previous studies investigating the relationships between CTh and sBMD, as reviewed
above in the Introduction [6,7]. First, they showed a reversal of CTh-sBMD relationships within knees, between non-
OA and severe OA, therefore adding an intra-knee characterization to prior inter-knee observations. Second, the
present study reported monotonic differences with increasing grades of OA, providing a picture of the transition from
one relationship to its reverse.

This study also provides in vivo data, in the human knee, to improve our understanding of the functioning of the
osteochondral unit. Specifically, our results support the ideas that, in a healthy knee, cartilage growth and bone
densification are stimulated by the same mechanical patterns [3], leading to a superposition of thicker CTh and denser
sBMD in areas of greater loading. With the development of the disease, this healthy positive spatial association is
progressively lost in K/L2 knees, before almost disappearing in K/L3 knees. In K/L4 knees, the relationship is inverted,
with thinner CTh likely contributing to denser sBMD by an increasing the mechanical load on the latter. More
generally, our results bring support to the pathophysiological models of OA based on a disequilibrium in the
relationships between articular structural components [2].

This study presents several limitations, including its cross-sectional, retrospective design.
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While the CTh-sBMD relationship seems promising as a diagnostic tool to assess the health of the osteochondral
unit, future work should focus on determining normal values and reference intervals for the spatial associations, intra-
individual responsiveness to use this tool to define the health of the osteochondral unit. The assessment of relationships
could be extended to other parameters such as bone texture or cartilage compositional data.

In conclusion, this study assessed the spatial relationships between CTh and sSBMD within knees, showing strong
positive correlations in non-OA compartments, and decreased associations in sequential groups of increasing OA
severity, becoming negative in severe OA knees. The spatial association between CTh and sBMD may be used as a

marker of the health of the osteochondral unit.
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Comprehensive description of CTh, sBMD and their
association using 3D anatomically standardized maps
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 L; 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 L; 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 methods were shown to be reproducible, and offer promising

possibilities to improve our understanding of bone alterations in the context of integrated OA research.

1. Introduction

Knee osteoarthritis, a major public health burden [1,2], is considered as a disease of the whole joint. In particular,
while cartilage has been the focus of early OA research, knee OA 1s now considered as a disease of the entire organ,
including multiple pathogenetic mechanisms [3,4]. Furthermore, 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 in
isolation [5,6], recognizing the interplay between these components.

The osteochondral unit, which is thought to play a key role in the initiation and progression of the disease [7,8], is
particularly interesting in the perspective of integrated OA research. Indeed, there is evidence of physiological

interactions [9] and biomechanical coupling [10-12] between these two mechanosensitive tissues, and the integrity of
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both tissues is required for adequate function of the knee joint [13]. However, while cartilage has been widely studied
[4], there is a paucity of in vivo data simultaneously assessing cartilage and bone properties, in particular at
intermediate stages of disease severity [14-17]. Furthermore, the assessment of cartilage and bone properties, as well
as of their relationship, has mostly relied on limited sets of values acquired by averaging tissue properties within
regions of interest [16-21]. In contrast, there is evidence that the assessment of spatial variations in tissue properties is
more sensitive to OA [21-23]. More recently, computational anatomy methods have been proposed to provide an
anatomical standardization for the distal femur and proximal tibia, allowing a comprehensive comparison of knees
[19,24-28]. In particular, such algorithms have been applied to create anatomically standardized maps of cartilage
thickness (CTh) [19,26] and subchondral bone mineral density (sBMD) [16,29]. While providing novel in vivo data
related to the osteochondral unit, the potential of these maps to simultancously assess spatial variations in multiple
tissue properties or relationships has not been achieved yet. Indeed, their use has focused on comprehensively assessing
isolated components [19], or quantifying the spatial relationship between CTh and sBMD within ROIs [16,29].

As such, this study aimed to characterize spatial patterns related to knee OA in femorotibial CTh, sBMD and in
their relationship using anatomically standardized maps. This study also aimed to provide an in vivo evaluation of the

reproducibility of these maps for future research and clinical applications.

2. Materials and Methods

2.1. Population sample

For this study, 136 patients were retrospectively included (one knee per patient) from the institution’s database.
Patients above the age of 50 years and for whom a CT arthrograms of the knees as well as weight-bearing radiographs
were available on the same day were eligible. Exclusion criteria included previous bone fracture, any imaging sign of
previous knee surgery, post-traumatic or rheumatological disorders, as well as poor image quality. In addition, knees
for which the field of view did not include a sufficient depth below the articular surface of the tibia were excluded.
The medial, lateral and patellofemoral compartments were graded using a modified Kellgren-Lawrence (K/L) grade
[30] and four groups were created based on the K/L grade in the medial femorotibial compartment: non-OA (K/L < 1),
K/L 2, K/L 3 and K/L 4.

Patient demographic data are reported in Table 1. There were no significant differences in patient sex (p = 0.40),

age (p = 0.09), femoral bone size (p = 0.61), represented by the bicondylar femoral diameter, or tibial bone size (p =
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0.30), represented by the tibial diameter, measured following previously reported methodology [31,32]. The study was
approved by the institutional ethical committee without requirement for informed consent of participants due to the

retrospective study design.

Table 1. Demographic data for the non-OA and K/L 2, 3 and 4 subgroups.

non-OA K/L 2 K/L 3 K/L 4
(n =49) (n =33) (n =32) (n =22)
Gender (female/male) 31718 22711 13/ 14 10712
58.6 58.9 618 62.6
Age (years) [55.7, 62.8] [54.1,67.7) [55.3, 75.9] [57.4, 69.0]
» ‘ 72 7.2 7.4 7.6
Tibial bone size (cm) 16 7 6.9, 7.8] (6.9,7.8] (7.2,7.8]
, 7. 7.8 8.1 8.3
Femoral bone size (cm) 5 5 g 4) 7.6, 8.7] (7.8, 8.6] [7.6,8.5]

Data are presented as either number or median [ 1st quartile, 3rd quartile]. MFT: medial femorotibial compartment, K/L:
Kellgren and Lawrence.

2.2 Image acquisition and processing

CT examinations were performed after intraarticular injection of 10 mL of ionic contrast material [17,18], and
acquired with the patient supine, with extension of the knee, on a 40-detector row CT scanner (Somatom Definition
AS; Siemens Healthcare, Forchheim, Germany). The following acquisition parameters were used: tube voltage, 120
kVp; reference tube current-time product, 350 mAs with the application of'a dose modulation protocol (Care Dose 3D;

Siemens Healthcare); bone convolution kernel (U70u), voxel size of 0.3 x 0.3 x 0.3 mm.,

2.3 sBMD, CTh and their association

The femorotibial bone and cartilage were segmented semi-manually on each CT arthrogram [17,19,33]. 3D mesh
models of the tissues were reconstructed using previously published methods, and a CTh and sBMD value was assigned
to each vertex identified as subchondral bone [17]. In addition, the similarity between CTh and sBMD at each
subchondral bone vertex was assessed by calculating Lee’s L343, a measure of bivariate spatial association extending
bivariate association measures by accounting for the spatial distribution of the two maps in the neighborhood of the
vertex. Positive (resp. negative) values indicate a positive (resp. negative) spatial association between CTh and sBMD.

The femoral and tibial bones resulting from each segmentation were then registered to a reference tibia and femur,
using previously published methods [24,25], and the CTh, sBMD and similarity values embedded in the vertices were

projected on the reference femur and tibia.
3
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2.4 Inter-operator reproducibility

The inter-operator reproducibility was assessed using 10 knees from 10 subjects (4 non-OA, 2 K/L 2, 2K/L 3,2
K/L 4) that were segmented by two operators and anatomically standardized as described previously, resulting in two
sets of ten knees. The accuracy and precision of the pipeline was calculated as the mean (p) and standard deviation (o)
of the error [35]. Similarly, the agreement was evaluated using a two-way random-effects intraclass correlation
coefficient (ICC) [35,36]. The agreement was classified as poor (ICC < 0.5), moderate (0.5 <ICC < 0.75), good (0.75

<ICC < 0.9) and excellent (ICC > 0.9) [37].

2.5 Statistical analyses

For each vertex of the reference models identified as subchondral bone, independent sample t-tests were used to
assess differences between the non-OA subgroup and the K/L 2, 3 and 4 subgroups. P values were corrected for

multiple comparisons using the false discovery rate correction algorithm (FDR), with ¢ = 0.05 [38].

3. Results

3.1 Evaluation of the inter-operator reproducibility

The median inter-operator accuracy was lower, in absolute value, than 0.06 mm for CTh, 16.01 HU for sBMD and
BMD, and 0.06 unit for the similarity. The median inter-operator precision was lower than 0.31 mm for CTh, 38.36
HU for sBMD and BMD, and 0.41 unit for the similarity, representing 1.6 to 8.4% of the range of values found within
the test knees. Lastly, the median inter-operator agreement was excellent for sSBMD, BMD and tibial CTh (= 0.90) and

good for similarity and femoral CTh (= 0.82).
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Table 2. Accuracy, precision and agreement for CTh, sBMD and Lee’s Li

CTh sBMD L;
Accuracy (4 )
Femur 0.06 -7.89 -0.01
[-0.06, 0.21] [-22.61,5.84] [-0.09, 0.03]
- 0.01 -16.01 -0,06
Tibia

[-0.09,0.18]  [-33.32,-5.73] [-0.12,0.00]

Precision ( ¢)

Femur 0.31 33.54 0.41
[0.24, 0.34] [31.26,38.84] [0.35, 0.44]
. 0.30 3421 0.36
Tibia

[0.25,0.33] [20.76, 33.35] [0.35, 0.38]
Agreement (/CC)

Femur 0.87 0.97 0.82
[0.83, 0.89] [0.97, 0.97] [0.75, 0.87]
. 0.90 0.99 0.84
Tibia

[0.87,0.92]  [0.97.0.99]  [0.71,091]

Data are CTh in millimeters; sBMD in Hounsfield units; Lee’s Li is unitless; presented as median [1st quartile, 3rd
quartile].

The simultaneous analysis of femorotibial CTh, sSBMD and similarity showed distinct patterns of each subgroup,
forming a clear succession from the non-OA knees to K/L 4 knees.

Qualitative analyses of the medial tibial compartment indicated patterns of thinner cartilage medially and centrally,
as well as thicker cartilage posteriorly (Figure 1.A); increased sBMD medially (Figure 1.B); lower similarity medially
and centrally (Figure 1.C). The statistical analysis of tibial maps indicated that CTh, SBMD and similarity differences
medially and centrally achieved statistical significance between the K/L 3, 4 and non-OA subgroups, while CTh
differences posteriorly achieved statistical significance only between the K/L 4 and non-OA subgroup. Thicker
cartilage, decreased sSBMD and lower similarity were also observed in the lateral tibial compartment (Figure 1). Lateral
differences achieved statistical significance only between the K/L 4 and K/L 0 subgroups.

Qualitative analyses of the load-bearing region of the femoral condyles (Figure 2) indicated thinner cartilage
(Figure 2.A), increased sBMD (Figure 2.B) and decreased similarity (Figure 2.C) in most of the medial compartment.
Furthermore, patterns of thicker cartilage (Figure 2.A) and decrecased sBMD (Figure 2.B) were observed in the

posterior aspect of the medial condyle, as well as in the lateral condyle.
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Figure 1. Transverse view of the average tibial maps of CTh (A), sBMD (B) and similarity (C) for each severity group
(A1, B1, Cl); average tibial difference map between K/L 2, 3, 4 and the non-OA group (A2, B2, C2); summary of the
differences achieving statistical significance (D). The black line in the average difference maps (A2, B2, C2) indicates
tibial vertices for which differences achieved statistical significance (adjusted p < 0.05).
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Figure 2. Transverse view of the average femoral maps of CTh (A), sBMD (B) and similarity (C) for each severity
group (A1, Bl, Cl1); average femoral difference map between K/L 2, 3, 4 and the non-OA group (A2, B2, C2); summary
of the differences achieving statistical significance (D). The black line in the average difference maps (A2, B2, C2)
indicates femoral vertices for which differences achieved statistical significance (adjusted p < 0.05).

4. Discussion
In this study, we characterized patterns related to the radiographic severity of OA knees within tissue parameters

of interest in the pathophysiology of OA. The femorotibial maps showed characteristic patterns for each subgroup,

forming a coherent succession from non-OA to severe OA knees. In addition, the results of the evaluation supported
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the promising possibilities offered by computational anatomy algorithms in the comprehensive assessment of tissues
properties.

The analysis of CTh and sBMD indicated clears patterns associated with disease severity, with thinner cartilage
and increased sSBMD in most of the medial femorotibial compartment. In addition, thicker cartilage in the posterior
region of the medial condyle and medial compartment, as well as decreased sBMD in the lateral femorotibial
compartment were also reported. The observed CTh patterns were consistent with previous studies reporting thinner
cartilage in the medial compartment [17,19], and thicker cartilage in the posterior aspect of the condyles with
0A[19,39]. In addition, the areas of lowest CTh in severe OA knees is also consistent cartilage denudation observed
in two previous studies [26]. Similarly, the sSBMD patterns observed were consistent with previous studies reporting
increased sSBMD in the medial condyle and the external region of the medial compartment and decreased sBMD in the
lateral compartment with OA [17,18]. Furthermore, the combination of the medial and lateral sBMD patterns is
consistent with increased medial-to-lateral SBMD ratios observed in non-OA compared to severe OA knees [18]. The
increased sSBMD in the external medial femorotibial compartment could be explained by biomechanical alterations
observed with medial knee OA, leading to denser bone in the most external aspect of the medial compartment [40-42].
Interestingly, the simultaneous assessment of CTh and sBMD alterations suggests that theses alterations do not occur
in the same areas (Figure 3). Indeed, increased bone density was first observed in the external region of K/L 2 and 3
knees, while cartilage thinning was more central within the femoral condyle in K/L 2 and 3 femurs. The partial overlap
between CTh and sBMD alterations highlights the limitations of assessing tissue properties using ROIs, as well as the

potential of assessing spatial variations in tissue properties.

104



K/L 2 K/L 3 KI/L 4

—CTh
— sBMD
«=«= Similarity

Figure 3. Summary of the CTh, sBMD and similarity differences between the non-OA and the K/L2, 3 and 4 subgroups.
The blue, red and black lines indicate femorotibial vertices for which differences in CTh, sBMD and similarity achieved
statistical significance (adjusted p < 0.05).

Similarity patterns in the knee indicated a positive spatial relationship between CTh and sBMD within the
femorotibial compartments that decreases globally with the course of the disease. In particular, while femorotibial CTh
and sBMD remain spatially associated in K/L 2, this relationship was negative in K/L 3 knees, suggesting that thinner
cartilage is associated with denser bone. Point of inversion. The results agree with previous literature showing a
positive spatial relationship between CTh and sBMD within non-OA knees[16,29], and a decrease with increasing OA
severity[29]. In contrast to a previous study by the authors assessing the spatial relationship within femoral and tibial
regions of interest, the assessment of spatial variations in similarity allowed the detection of specific patterns within
the joint. Indeed, while the point of inversion within the medial femorotibial compartment occurred between K/L 3
and K/L 4 knees, the results of the present study indicate that, within parts of the medial condyle and of the tibial
compartments, a local inversion occurs earlier. Lastly, assessing the relationship between CTh and sBMD revealed
patterns of decreased adaptation within the lateral femorotibial compartment that were not seen by either of the

individual components (Figure 5), stressing the potential of considering the relationship between tissue properties

9
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rather than assessing them in isolation [5]. More broadly, the results of the similarity analysis support integrated OA
model, by providing evidence of a spatial adaptation in non-OA knees.

The results of the evaluation were in agreement with previous studies assessing anatomically standardized CTh
maps in healthy knees [35], and sBMD in cadaveric knees [24]. In addition, the precision represented 1.7 to 9.8 times
the amplitude of differences achieving statistical significance between non-OA and K/L 2, 3 or 4 knees. As such, the
evaluation results indicate that the pipeline is applicable in vivo and in a sample representative of the general
population.

This study presents several limitations, including its cross-sectional, retrospective design. In addition, the
evaluation relied on a resegmentation of the same scan, because subjecting individuals to repeated CT scans would
have represented unnecessary and unethical risks [43]. Lastly, although the evaluation relied on a small sample size, it

is consistent with previous evaluations of computational anatomy in the knee or hip joint [24,35,44,45]

5. Conclusion
In conclusion, this study used computational anatomy algorithms to characterize spatial patterns in bone and
cartilage properties within the distal femur and proximal tibia. The methods were shown to be reproducible, and offer

promising possibilities to improve our understanding of bone alterations in the context of integrated OA research.
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