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A B S T R A C T

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 me-
chanical environment within each knee. Specifically, it reanalyzed a prior dataset to test the hypothesis that the
locations of thickest cartilage and densest subchondral bone are correlated in non-osteoarthritic femoral condyles.
Method: Anatomically standardized maps of cartilage thickness (CTh) and subchondral bone mineral density
(sBMD) were calculated for 50 non-osteoarthritic distal femurs based on computed tomography arthrography
examinations. The locations of thickest CTh and densest sBMD were identified in the load-bearing region of the
medial and lateral compartments, and correlation analyses were performed to quantify the associations between
these locations, with inclusion of age, gender, femoral bone size and femorotibial angle as cofounding variables.
Paired Student's t-tests were also performed to compare CTh and sBMD locations.
Results: Locations of thickest CTh and densest sBMD were positively correlated along the anteroposterior direction
in both compartments (r � 0.45, p � 0.001). Furthermore, thickest CTh was more posterior than densest sBMD in
the medial (p ¼ 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.
1. Introduction

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.
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Characterizing the relationships seems however necessary at this
moment because recent disease models have suggested that the re-
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
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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], 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 α 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 � 0.3 � 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 sBMD
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 sBMD 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
α-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 ¼ 0.45, 95% confidence interval (CI) [0.20, 0.65], p ¼ 0.001) and the
lateral (r¼ 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; p¼ 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 sBMD 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
64mm [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
3

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-
terest (4).



Table 1
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 correlationa

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.

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

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.
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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 2.1 � 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 20.9 � 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).

4

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].
Fig. 3. Average (� standard deviation) location of thickest CTh (red) and
densest sBMD (blue) for the 50 knees.



H. Babel et al. Osteoarthritis and Cartilage Open 2 (2020) 100079
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 sBMD 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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