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Relationships between cartilage thickness and subchondral bone
mineral density in non-osteoarthritic and severely osteoarthritic
knees: In vivo concomitant 3D analysis using CT arthrography
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Objective: To test whether subchondral bone mineral density (sBMD) and cartilage thickness (CTh) of
femoral condyles are correlated in knees without and with severe medial femorotibial osteoarthritis
(OA), using a subregional analysis with computerized tomography (CT) arthrography.
Methods: CT arthrograms of 50 non-OA (18 males, 58.7 (interquartile range (IQR) ¼ 6.6 years)) and 50
severe medial OA (24 males, 60.5 (IQR ¼ 10.7) years) knees, were retrospectively analyzed. Bone and
cartilage were segmented using custom-designed software, leading to 3D models on which each point of
the subchondral surface is given a CTh and sBMD value. The average sBMD and CTh were then calculated
for the entire weight-bearing regions as well as specific subregions of interest. Linear bivariate and
multivariable analyses were performed to test for relationships between sBMD and CTh (regional and
subregional measures, or medial-to-lateral ratios), with confounders of age, gender, femoral bone size
and femorotibial angle.
Results: In non-OA knees, the sBMD and CTh medial-to-lateral ratios were positively correlated for the
total region and the external and internal subregions (r � 0.341, P � 0.015). In OA knees, sBMD and CTh
medial-to-lateral ratios were negatively correlated for the total region and the external and central
subregions (r � �0.538, P < 0.001). Additional positive/negative relationships in the non-OA/OA knees
were observed between sBMD and CTh measures in the medial compartment.
Conclusions: The positive correlation between sBMD and CTh in non-OA knees, and the negative one in
OA knees, bring support to the theory of a subchondral bone/cartilage functional unit, which could help
to better understand the pathophysiology of OA.

© 2018 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
Introduction

For long considered as a disease of cartilage, osteoarthritis (OA)
is currently viewed as a disease of the entire joint, where other
A, osteoarthritis; K/L, Kell-
ondral bone mineral density;

epartment of Diagnostic and
l and University of Lausanne,
1-314-45-64; Fax: 41-21-314-

umi).

ternational. Published by Elsevier L
articular components may play a primary role in the disease
pathogenesis1,2. It was proposed in particular that subchondral
bone, which is the bone located immediately underneath the
cartilage surface, could be involved in the initiation and progression
of knee OA3e5. Indeed, it has been suggested that subchondral bone
and cartilage interact as a functional unit6. For instance, there is
evidence for a biological cross-talk between cartilage and sub-
chondral bone, for nutrition of the articular cartilage by the sub-
chondral bone through vessels bridging the two tissues, as well as
for a coupling of bone and cartilage turnover in OA6e11. Overall,
recent literature suggests that the interaction between cartilage
and subchondral bone is more important than initially thought in
the pathogenesis of OA7,12.
td. All rights reserved.
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However, to date, the exact mechanisms through which bone
and cartilage interact remain debated, and it is not known how
this interaction is altered with the development of knee
OA7,12e16. Moreover, most research in the field has so far come
from animals and ex vivo studies, and there is a crucial need to
obtain in vivo data in the human joint12. Medical imaging offers
new opportunities to non-invasively gain insight in the re-
lationships between bone and cartilage properties in vivo in
human joints12. Specifically, computerized tomography (CT) has
recently been successfully used to provide a thorough three-
dimensional analysis of the subchondral bone mineral density
(sBMD)17e19. This is noteworthy because sBMD has been pro-
posed as a potential actor in the pathogenesis of cartilage
degeneration20,21. So far, dual energy X-ray absorptiometry
(DXA) has been the modality most commonly used to quantify
bone mineral density, but due to its technical limitations,
including its low resolution and projectional nature, DXA does
not permit detailed analysis of the bone mineral density along
the articular surfaces of the knee joint and consequently is of
limited use for the assessment of sBMD19.

As for cartilage, its thickness has been widely used as a
biomarker of cartilage health or disease status22e25. CT arthrog-
raphy, thanks to the high contrast it provides between cartilage
and surrounding tissues, and its high spatial resolution, has been
established for years as a method of choice to assess cartilage and
its thickness (CTh) in various joints26e29. Therefore, the ability of
CT arthrography to provide quantitative three-dimensional data
in vivo, on both sBMD and CTh, represents an opportunity to
gather data that could help in a better understanding of the
cartilage/subchondral bone functional unit, both in non-OA and
OA knees. This is all the more important because of the paucity of
data on the relationship between bone and cartilage properties.
Indeed, a recent systematic review on the relationships among
cartilage thickness, gait mechanics and bone mineral density
found only one study reporting relationships between bone
mineral density and CTh30,31. It is worth mentioning that this
unique study used DXA, and therefore could not focus on the
subchondral bone or perform three-dimensional subregional
analyses31.

In this paper, our primary aim was to test whether sBMD and
CTh in regions and subregions of the femoral condyles are corre-
lated in knees without and with severemedial femorotibial OA, and
whether the correlations differ in OA vs non-OA knees.

Due to the paucity of data on sBMD in the literature, our sec-
ondary aim was to compare sBMD between OA and non-OA knees
and to test for correlations between sBMD and knee alignment.
Table I
Patient demographics

Non-radiogra

Number (n) 50
Gender (males/females) 18/32
Age (years) 58.7 [6.6]
Femoral bone size: biepicondylar femoral diameter (cm) 7.9 [0.9]
MFT K/L grade ¼ 0 (n) 38
MFT K/L grade ¼ 1 (n) 12
MFT K/L grade ¼ 3 (n)
MFT K/L grade ¼ 4 (n)
Femorotibial angle (degrees) 4.4 ± 1.9

Data are presented as either number, mean ± standard deviation, or median [interquart
most right column, with indication of the statistically significant differences in bold (P �
MFT: medial femorotibial compartment, K/L: Kellgren and Lawrence.

* K/L grades <2 in medial femorotibial, lateral femorotibial and patellofemoral compa
y K/L grades �3 in medial femorotibial compartment and K/L grades �2 in lateral fem
Methods

Population sample

This retrospective cross-sectional study analyzed CT arthro-
grams of 100 patients (one knee per patient), divided into two
groups of non-OA (n ¼ 50) and severe medial femorotibial OA
(n ¼ 50) knees.

Knee examinations were selected randomly from the in-
stitution's database over a period of 2 years. Inclusion criteria were:
age of 50 years old or above, and CT arthrogram and lateral and
postero-anterior weight-bearing radiographs of the knees obtained
on the same day. In this institution, patients in whom internal
derangement of joints are clinically suspected are commonly
referred for a CT arthrogram, due to a relatively limited access to
MRI. Therefore, the institution's database contains CT arthrograms
for a range of knee conditions, including non-OA and OA knees.

Exclusion criteria based on the analysis of imagingwere as follows:
sign of previous osteoligamentous injury, previous knee surgery
(including knee replacement surgery, ligamentoplasty, cartilage repair
procedures or meniscal repair surgery), inflammatory joint disease,
articular crystal deposition disease or poor image quality (including
low contrast or blur at the cartilage/synovial fluid interface).

The radiographs of the examinations meeting the inclusion/
exclusion criteria were read by a musculoskeletal radiologist with
9 years of experience to determine a modified KellgreneLawrence
(K/L) grade32, consisting in grading each knee compartment sepa-
rately, leading to three K/L grades per knee (medial, lateral and
patellofemoral). The non-OA group was defined by a K/L grade <2
for all three compartments, while the severe OA group was defined
by a K/L grade �3 for the medial femorotibial compartment (MFT),
and a K/L grade �2 for the other two knee compartments. The
presence or absence of OA in the rest of the manuscript refers to
this radiographic definition of OA.

We furthermore measured the femorotibial angle and the
bicondylar femoral diameter on the weight-bearing radiographs as
surrogates of the kneemechanical axis angle and femoral bone size,
respectively, following previously reported methodology33,34. For
the femorotibial angle, the greater the value, the greater the varus
alignment.

Patient demographic data are reported in Table I. There was no
significant difference between non-OA and OA groups for the dis-
tribution between genders (P ¼ 0.22), age (P ¼ 0.13) and femoral
bone size (P ¼ 0.28). The femorotibial angle was significantly larger
in the OA group (P < 0.001), indicating that these knees had a more
varus alignment.
phic OA* Severe MFT OAy Comparison of Non-OA
and OA groups (p-value)

50
24/26 P ¼ 0.22
60.5 [10.7] P ¼ 0.13
8.1 [0.9] P ¼ 0.28

32
18
7.8 ± 2.8 P < 0.001

ile range]. Statistical comparisons of the non-OA and OA groups are reported in the
0.05).

rtments.
orotibial and patellofemoral compartments.
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This study was approved by the institutional ethical committee,
without requirement for informed consent due to the retrospective
study design.

CT arthrograms

Intraarticular injection 10 mL 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 currentetime 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 � 0.3 � 0.3 mm. The CT acquisitions lasted less than 30 s. The
knees were scanned within 15 min after the intraarticular injection
to avoid any substantial penetration of contrast material into the
bone or cartilage that could have hindered the measurements35.
The consistency of the measurements over time was guaranteed by
the use of a single scanner, same acquisition parameters and an
equal quantity of iodine for all the knees. Furthermore, the clinical
scanner used in this study underwent frequent mandatory
calibrations.

sBMD and CTh measurements

Femoral sBMD and CTh were measured from the CT arthro-
grams using previously published methods. In brief, femoral bone
and cartilage were segmented semi-manually on each CT
arthrogram and 3D mesh model of the tissues were recon-
structed36,37. The osteophytes were excluded from the bone
models. Then, an sBMD value was calculated for each subchondral
point of the 3D femur models by averaging the CT intensity in the
first 3 mm of bone17,19. A penetration of 3 mm was selected to
strictly measure the BMD of the subchondral bone17,38,39. A CTh
value was also determined for each subchondral point of the 3D
femur models by calculating the distance to the articular surface
of the 3D cartilage models36,40. Finally, regional and subregional
measures were performed using a common template of the
femoral cartilage (Fig. 1)41,42. Specifically, the average sBMD and
CTh values were calculated over all the points contained in the
load-bearing region of the medial and lateral condyles, as well as
Fig. 1. Diagram representing the standard load-bearing regions of the medial and
lateral compartments, as well as the corresponding subregions (external, central, in-
ternal) used in this study41.
in three subregions (external, central, internal) of these re-
gions41,42. In addition, medial-to-lateral ratios were calculated by
dividing the values (sBMD or CTh) in the medial and lateral
compartments. Eight knees randomly selected in the non-OA and
OA groups were processed (segmentation and regional/subre-
gional measurement) twice by different observers to assess the
inter-reader reliability. This evaluation indicated excellent reli-
ability, with intraclass correlation coefficients (ICC) of 0.93 and
0.97 for CTh and sBMD, respectively. All processing was done
using custom software implemented with Matlab (R2014b,
Mathworks, Natick, MA).

Statistical analysis

Regional and subregional sBMD and CTh measures as well as
medial-to-lateral sBMD and CTh ratios were compared between
the non-OA and OA groups using independent Student's t-tests
and Cohen's d effect sizes, after confirmation of the normal
distribution of the data using KolmogoroveSmirnov tests. The
relationships between sBMD and CTh data were assessed sepa-
rately for each region, subregion and ratio using linear re-
gressions. First, bivariate analyses were performed using Pearson
correlations. Since sBMD and CTh have been associated with age,
gender and, body morphology19,43,44, multivariable regressions
were also performed with age, gender, biepicondylar femoral
diameter and femorotibial angle as confounders. Specifically, a
multivariable model was calculated for each combination of
dependent (sBMD measure or ratio) and independent (CTh
measure or ratio in the same region or subregion) variables
using a backward stepwise regression with forced entry for the
four adjustment variables in addition to the independent vari-
able. In these analyses, the rejection threshold was set at P > 0.1.
Finally, the relationships between the femorotibial angle and
each sBMD and CTh measure and ratio were assessed similarly
to above, using Pearson correlations and multivariable re-
gressions with age, gender and biepicondylar femoral diameter
as confounders.

Statistical analyses were done with SPSS version 23 (IBM,
Armonk, NY), considering a significance level of P ¼ 0.05 for all
tests. The effect size ranges proposed by Cohen were used to
describe the strength of the correlations between sBMD and CTh
and the strength of differences between non-OA and OA groups45.

Results

Relationships between sBMD and CTh

In non-OA knees, there were positive relationships of medium
to large effect sizes between sBMD and CTh medial-to-lateral ra-
tios for the total load-bearing region and two subregions
(Table II). Specifically, the Pearson correlations reported higher
sBMD ratios with higher CTh ratios in the total region (M/L:
r ¼ 0.341, P ¼ 0.015), the external subregion (Me/Le: r ¼ 0.539,
P < 0.001), as well as the internal subregion (Mi/Li: r ¼ 0.373,
P ¼ 0.008) (Fig. 2). There was also a positive relationship of me-
dium effect size in the external subregion of the medial
compartment (Me: r ¼ 0.411, P ¼ 0.003). The relationships be-
tween sBMD and CTh regional and subregional measures in the
lateral compartment were of very small effect sizes (jrj�0.087)
and statistically non-significant (all P � 0.548). Adjusting for age,
gender, biepicondylar diameter, and femorotibial angle led to the
same statistically significant relationships between sBMD and CTh
as the bivariate analyses described above. The only differences in
multivariable analyses were for the medial-to-lateral ratios in the
internal subregion (Mi/Li) and for the measures in the external



Table II
Relationships between femoral subchondral bonemineral density (sBMD) and cartilage thickness (CTh) measures in the medial compartment as well as relationships between
sBMD and CTh medial-to-lateral ratios. None of the relationships between sBMD and CTh measures in the lateral compartment was statistically significant (all P � 0.528,
unreported results)

Non-radiographic OA (n ¼ 50)* Severe MFT OA (n ¼ 50)y

Bivariate analysis Multivariable analysisz Bivariate analysis Multivariable analysisz
Standardized b
[95% CI]

Pevalue Standardized b
[95% CI]

Pevalue Standardized b [95% CI] Pevalue Standardized b [95% CI] Pevalue

Medial compartment
Total (M) 0.058 [�0.23, 0.35] 0.687 x �0.527 [�0.77, �0.28] <0.001 �0.592 [�0.80, �0.35] <0.001A

External (Me) 0.411 [0.15, 0.67] 0.003 0.529 [0.24, 0.82] <0.001g �0.559 [�0.80, �0.32] <0.001 �0.470 [�0.71, �0.23] <0.001M

Central (Mc) 0.026 [�0.26, 0.31] 0.857 x �0.509 [�0.76, �0.26] <0.001 �0.583 [�0.82, �0.35] <0.001A

Internal (Mi) 0.168 [�0.12, 0.45] 0.242 x �0.123 [�0.41, 0.16] 0.397 x
Medial-to-lateral ratio
Total (M/L) 0.341 [0.07, 0.61] 0.015 0.341 [0.07, 0.61] 0.015 �0.538 [�0.78, �0.29] <0.001 �0.538 [�0.78, �0.29] <0.001
External (Me/Le) 0.539 [0.29, 0.78] <0.001 0.539 [0.29, 0.78] <0.001 �0.608 [�0.84, �0.38] <0.001 �0.608 [�0.84, �0.38] <0.001
Central (Mc/Lc) 0.199 [�0.08, 0.48] 0.167 x �0.553 [�0.79, �0.32] <0.001 �0.442 [�0.70, �0.18] 0.001m

Internal (Mi/Li) 0.373 [0.12, 0.63] 0.008 0.409 [0.15, 0.67] 0.004g �0.125 [�0.41, 0.16] 0.388 x
P-values in bold indicate statistically significant relationships between sBMD and CTh variables (P < 0.05).
A/a: The multivariable model included age in addition to CTh.
B/b: The multivariable model included biepicondylar diameter in addition to CTh.
G/g: The multivariable model included gender in addition to CTh.
F/f: The multivariable model included the femorotibial angle jn addition to CTh.
Uppercase letters: variables included in the model and statistically significant (P < 0.05).
Lowercase letters: variables included in the model but not statistically significant (0.05 � P < 0.1).

* K/L grades <2 in medial femorotibial, lateral femorotibial and patellofemoral compartments.
y K/L grades �3 in medial femorotibial compartment and K/L grades �2 in lateral femorotibial and patellofemoral compartments.
z Backward regression with forced entry for confounders of age, gender, biepicondylar femoral diameter and femorotibial angle.
x CTh excluded from the model (P � 0.1).
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subregion of the medial compartment (Me), where the effect size
of the relationships slightly increased.

In OA knees, three of the four Pearson correlations between
sBMD and CTh medial-to-lateral ratios were of large effect sizes:
in the total region (M/L: r ¼ �0.538, P < 0.001), the external
subregion (Me/Le: r ¼ �0.608, P < 0.001) and the central subre-
gion (Mc/Lc: r ¼ �0.553, P < 0.001) (Table II). But contrary to the
results in non-OA knees, these relationships were negative, indi-
cating higher sBMD ratios with lower CTh ratios (Fig. 2). In OA
knees, there were also negative relationships of large effect sizes
between sBMD and CTh measures in the medial compartment.
Specifically, higher sBMD was correlated with lower CTh in the
total region (M: r ¼ �0.527, P < 0.001), the external subregion
(Me: r ¼ �0.559, P < 0.001) and the central subregion (Mc:
r ¼ �0.509, P < 0.001) of the medial compartment. The re-
lationships between sBMD and CTh in the lateral compartment
were of very small effect sizes (jrj�0.091) and statistically non-
significant (all P � 0.528). Adjusting for confounders of age,
gender, biepicondylar diameter and femorotibial angle resulted in
the same statistically significant relationships between sBMD and
CTh variables as the bivariate analyses aforesaid, with marginal
differences in effect sizes.

Comparison of sBMD and CTh between non-OA and OA knees

For the medial compartment, sBMD was higher, in OA than in
non-OA knees in the total weight-bearing region, as well as in all
subregions (all P � 0.034), all with large effect sizes except for the
internal subregion (small effect size) (Table III). Furthermore, the
medial-to-lateral sBMD ratios were higher, with moderate to large
effect sizes, in the OA group for both the total weight-bearing re-
gion and all its subregions (P � 0.003).

Medial compartment CTh was lower, with large effect sizes, in
OA than in non-OA knees for the total region, as well as all three
subregions (P < 0.001) (Table III). The medial-to-lateral CTh ratios
were lower, with large effect sizes, in the OA group for both the
entire region and the three subregions (P < 0.001).
Relationships between femorotibial angle and sBMD and CTh
variables

In non-OA knees, there was a negative relationship of small
effect size between femorotibial angle and sBMD in the internal
subregion of the medial compartment (Mi: r ¼ �0.297, P ¼ 0.036)
(Table IV). In OA knees, the femorotibial angle was positively
correlated with sBMD in the total region (M), the external subre-
gion (Me) and the central subregion (Mc) of the medial compart-
ment (r � 0.333, p � 0.018); all correlations of medium effect sizes.
The femorotibial angle was also positively correlated, with medium
effect sizes, with sBMD medial-to-lateral ratios in the total region
(M/L), the external subregion (Me/Le) and the central subregion
(Mc/Lc) (r� 0.386, p� 0.006). The positive correlations in OA knees
indicated denser bone in the medial compartment and relatively
denser bone medially than laterally with larger femorotibial angle
(greater varus alignment). The same statistically significant re-
lationships between femorotibial angle and sBMD variables as
described above were obtained when adjusting for confounders of
age, gender and biepicondylar diameter (unreported results). The
effect sizes of the statistically significant relationships were
marginally larger in multivariable analyses.

In OA knees, the femorotibial angle was negatively correlated
with CTh measures in the medial compartment (M, Me and Mc:
r��0.291, small to medium effect sizes, P � 0.040), positively
correlated with CTh measures in the lateral compartment (L, Le, Lc
and Li: r � 0.329, medium effect sizes, P � 0.20), and negatively
correlated with the medial-to-lateral CTh ratios (M/L, Me/Le, Mc/Lc
and Mi/Li: r � �0.431, medium effect sizes, P � 0.002) (Table IV).
The correlations in OA knees were consistent, with a larger femo-
rotibial angle (greater varus alignment) associated with absolute
and relative thinner medial CTh and thicker lateral CTh. The
multivariable analyses led to the same statistically significant re-
lationships between femorotibial angle and CTh (unreported re-
sults). Adjusting for age, gender and biepicondylar diameter
slightly increased the effect sizes of the statistically significant
relationships.



Fig. 2. Scatter plots for the relationships between subchondral bone mineral density (sBMD) medial-to-lateral ratio (sBMD M/L ratio) and cartilage thickness medial-to-lateral ratio
(CTh M/L ratio) in the bivariate analysis, for the total region, as well as the external, central and internal subregions. Blue and red symbols correspond to non-OA and OA knees,
respectively. The plots also report the Pearson coefficients of correlation (r) and the associated p-values in case of statistically significant relationships. To further illustrate the
results, the plots differentiate the knees based on the Kellgren and Lawrence grade (K/L) in the medial femorotibial compartment (MFT).

Table III
Comparison of femoral sBMD and CTh between non-OA and OA knees.

Subchondral bone mineral density (sBMD) Cartilage Thickness (CTh)

Non-radiographic OA*

(n ¼ 50)*
Severe MFT OAy

(n ¼ 50)y
P e values Non-radiographic

OA* (n ¼ 50)*
Severe MFT OAy

(n ¼ 50)y
P e values

Medial compartment
Total (M) 1556.6 ± 61.5 1683.1 ± 126.6 <0.001 1.37 ± 0.26 0.82 ± 0.35 <0.001
External (Me) 1447.2 ± 96.9 1703.9 ± 174.7 <0.001 0.99 ± 0.24 0.63 ± 0.36 <0.001
Central (Mc) 1655.7 ± 69.6 1765.5 ± 136.4 <0.001 1.88 ± 0.41 0.85 ± 0.52 <0.001
Internal (Mi) 1573.5 ± 73.4 1615.8 ± 118.3 0.034 1.35 ± 0.30 0.96 ± 0.32 <0.001

Lateral compartment
Total (L) 1478.6 ± 65.7 1458.8 ± 82.1 0.187 1.21 ± 0.27 1.26 ± 0.35 0.470
External (Le) 1483.2 ± 79.4 1474.1 ± 97.2 0.611 1.07 ± 0.27 1.12 ± 0.31 0.459
Central (Lc) 1537.4 ± 75.4 1501.2 ± 92.5 0.034 1.60 ± 0.34 1.59 ± 0.50 0.904
Internal (Li) 1417.5 ± 66.9 1399.1 ± 75.0 0.197 1.04 ± 0.28 1.13 ± 0.35 0.142

Medial-to-lateral ratio
Total (M/L) 1.05 ± 0.04 1.16 ± 0.09 <0.001 1.16 ± 0.23 0.70 ± 0.39 <0.001
External (Me/Le) 0.98 ± 0.07 1.16 ± 0.12 <0.001 0.95 ± 0.25 0.60 ± 0.36 <0.001
Central (Mc/Lc) 1.08 ± 0.04 1.18 ± 0.10 <0.001 1.21 ± 0.26 0.59 ± 0.45 <0.001
Internal (Mi/Li) 1.11 ± 0.05 1.16 ± 0.09 0.003 1.38 ± 0.43 0.92 ± 0.44 <0.001

Data are sBMD in Hounsfield units and CTh in mm, presented as mean ± standard deviation. P-values in bold indicate statistically significant differences between non-OA and
OA knees (adjusted p < 0.05).

* K/L grades <2 in medial femorotibial, lateral femorotibial and patellofemoral compartments.
y K/L grades �3 in medial femorotibial compartment and K/L grades �2 in lateral femorotibial and patellofemoral compartments.
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Table IV
Pearson correlations between femorotibial angle and bone mineral density (sBMD) and cartilage CTh variables in non-OA and OA knees

Subchondral bone mineral density (sBMD) Cartilage Thickness (CTh)

Non-radiographic OA* (n ¼ 50)* Severe MFT OAy (n ¼ 50)y Non-radiographic OA* (n ¼ 50)* Severe MFT OAy (n ¼ 50)y

Standardized b [95% CI] Pevalue Standardized b [95% CI] Pevalue Standardized b [95% CI] Pevalue Standardized b [95% CI] Pevalue

Medial compartment
Total (M) �0.160 [�0.44, 0.12] 0.266 0.333 [0.06, 0.61] 0.018 0.074 [�0.21, 0.36] 0.608 �0.297 [�0.57, �0.03] 0.036
External (Me) 0.034 [�0.25, 0.32] 0.816 0.443 [0.18, 0.70] 0.001 0.111 [�0.17, 0.40] 0.442 �0.291 [�0.56, �0.02] 0.040
Central (Mc) �0.182 [�0.47, 0.10] 0.207 0.355 [0.09, 0.62] 0.011 0.112 [�0.18, 0.40] 0.438 �0.329 [�0.60, �0.06] 0.020
Internal (Mi) �0.297 [�0.57, �0.02] 0.036 0.102 [�0.19, 0.39] 0.483 �0.010 [�0.30, 0.28] 0.943 �0.162 [�0.44, 0.11] 0.262
Lateral compartment
Total (L) �0.075 [�0.36, 0.21] 0.606 �0.099 [�0.39, 0.19] 0.494 0.016 [�0.27, 0.30] 0.910 0.394 [0.13, 0.66] 0.005
External (Le) 0.047 [�0.24, 0.34] 0.743 0.026 [�0.26, 0.31] 0.840 0.080 [�0.21, 0.37] 0.583 0.329 [0.05, 0.61] 0.020
Central (Lc) �0.127 [�0.41, 0.16] 0.379 �0.190 [�0.47, 0.09] 0.185 �0.073 [�0.36, 0.21] 0.615 0.335 [0.06, 0.61] 0.017
Internal (Li) �0.181 [�0.46, 0.10] 0.207 �0.153 [�0.44, 0.13] 0.288 0.032 [�0.26, 0.32] 0.823 0.452 [0.20, 0.70] 0.001
Medial-to-lateral ratio
Total (M/L) �0.073 [�0.35, 0.21] 0.613 0.386 [0.15, 0.63] 0.006 0.041 [�0.25, 0.33] 0.775 �0.467 [�0.72, �0.21] <0.001
External (Me/Le) �0.001 [�0.31, 0.30] 0.996 0.437 [0.16, 0.72] 0.002 0.015 [�0.27, 0.30] 0.915 �0.462 [�0.72, �0.20] <0.001
Central (Mc/Lc) �0.057 [�0.31, 0.20] 0.693 0.446 [0.18, 0.71] 0.001 0.203 [�0.07, 0.48] 0.158 �0.443 [�0.70, �0.19] 0.001
Internal (Mi/Li) �0.103 [�0.40, 0.19] 0.478 0.209 [�0.09, 0.50] 0.145 �0.074 [�0.36, 0.21] 0.611 �0.431 [�0.69, �0.17] 0.002

P-values in bold indicate statistically significant correlations (P < 0.05).
* K/L grades <2 in medial femorotibial, lateral femorotibial and patellofemoral compartments.
y K/L grades �3 in medial femorotibial compartment and K/L grades �2 in lateral femorotibial and patellofemoral compartments.
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Discussion

In this paper, we showed through three-dimensional regional
and subregional analyses that sBMD and CTh medial-to-lateral ra-
tios are positively correlated in non-OA knees, and negatively in OA
knees, with large effect sizes. These in vivo results support the
theory of a subchondral bone/cartilage functional unit where the
two tissues are adapted to each other in the non-OA knee and
where the disease disturbs this homeostatic relationship.

In non-OA knees, the fact that thicker cartilage is positively
correlated with denser subchondral bone brings support to the
coupling of these two tissues in the healthy state. Although previ-
ous animal and in vitro studies have pointed to a potential biome-
chanical and biochemical cross-talk between these tissues, to the
best of our knowledge, this is the first report showing the rela-
tionship between subchondral bone and cartilage in vivo in human
knees7,11,12. Interestingly, while sBMD and CTh medial-to-lateral
ratios were correlated in our study, there was no statistically sig-
nificant relationship between sBMD and CTh measures in most of
the medial or lateral regions/subregions. This observation is in
agreement with prior literature where the sensitivity to detect re-
lationships among knee properties was shown to be higher with
ratios than with individual measures in the medial or lateral
compartments, certainly because ratios allow some normalization
of inter-subject variability42,46.

In OA knees, we have shown that sBMD is negatively correlated
with CTh for all regional and subregional measures of the medial
compartment, as well as for all medial-to-lateral ratios. In fact, the
results showed that while medial cartilage is considerably thinner
in severe OA compared to non-OA knees, medial subchondral
bone is denser. In severe OA, the adaptation that seems to exist
between cartilage and subchondral bone in the healthy state is
disturbed. In the latest stages of OA, cartilage destruction and
thinning might indeed contribute to the denser subchondral bone
in the same compartment by increasing the mechanical load on
the latter7. The positive correlations between sBMD and CTh in the
non-OA knees, contrasting with the negative correlations be-
tween these variables in the OA knees are in support of a model of
OA pathophysiology based on the disturbances of the homeostatic
relationships that exist between variables in the healthy joint30.
This integrated joint system (IJS) model assumes that the variables
are adapted to each other in the non-disease state, just as bone
mineral density and cartilage were shown to be correlated posi-
tively in non-OA knees. The model then assumes that the disease
is initiated when the ability of different variables to adapt to each
other is exceeded. Once the disease is established, the positive
relationships between variables may be reversed, as illustrated by
the negative correlation between sBMD and CTh observed in the
OA knees.

The point in the evolution of the disease when this homeostasis
is disrupted would be important to determine to improve our un-
derstanding of the pathophysiology of OA. One prevailing theory on
the pathogenesis of OA is that cartilage degeneration could be
related to the density of the subchondral bone: increased stiffness
of subchondral bone would increase mechanical constraints on the
overlying cartilage and hereby promote cartilage degeneration20.
However, research aiming at confirming this theory had so far led
to conflicting results, most likely due to the lack of methods to
specifically study the sBMD3,31,47. To further elucidate the exact
nature and chronology of events occurring in the subchondral bone
of human knees with OA, and their relationships to cartilage
degeneration, there is a need to build on the results of our study
and assess knees with intermediate OA stages (KL grade 2) using
the same technique.

This study builds on previous work showing that sBMD can be
assessed tri-dimensionally using CT data19. In the current work, we
used the ability of CT arthrography to allow simultaneous analysis
of sBMD and CTh in high resolution, and in 3D, to assess the cor-
relations between these variables.

The correlation between sBMD and CTh was investigated in
non-OA and OA knees in one previous study, but using DXA
imaging for sBMD measurement31. Among the various pairs of
sBMD and CTh measures that were tested cross-sectionally in
this previous study, only one reported a statistically significant
correlation: in OA knees, higher lateral tibial sBMD was corre-
lated with thicker femoral CTh. The inconsistencies between
these previous results and ours may be due to the methods used.
Indeed, the portion of the bone considered to quantify sBMD
with DXA in this previous study corresponds to a region located
further away from the articular surface, which is less relevant to
the study of relationships between cartilage and bone properties.
Furthermore, DXA imaging is a two-dimensional modality that
does not allow any subregional analysis such as in our study. In
fact, the many limitations of DXA have led some authors to
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suggest that its use in epidemiological research should be
restricted48,49. The present study also differs from this previous
work by analyzing medial-to-lateral ratios in addition to
compartmental measures and by testing for correlations between
sBMD and CTh data all gathered on the femur. Finally, previous
attempts at correlating CTh and other bone parameters exist. For
example, Frobell et al. found that the differences in total sub-
chondral bone area (tAB) and CTh between pre-radiographic OA
and OA knees were weakly correlated43. However, the correla-
tions between cartilage and bone parameters were not directly
evaluated in the two stages of the disease. Furthermore, while
BMD is a widely accepted surrogate of bone metabolic changes,
tAB has been less extensively assessed.

Therefore, the main strength of our study is that we could
simultaneously analyze sBMD and CTh in non-OA and OA knees
using a three-dimensional approach, which to the best of our
knowledge, has never been performed so far.

We also aimed to test for correlations between sBMD and knee
alignment. In the OA group, femorotibial angle was correlated with
greater sBMD in the medial compartment except for one subregion,
and with all medial-to-lateral sBMD ratios, except for the internal
subregion in the OA population, as expected based on previous
reports44,50. However, opposite to these previous studies, we did
not find any statistically significant correlation in the non-OA
knees. This could be due to the differences in methods: because
our focus was the subchondral bone-cartilage unit and the corre-
lations between the properties of these tissues, we analyzed BMD
immediately below the cartilage. In contrast, previous work has
mostly been looking at BMD or other bone parameters further away
from the cartilage, where the effects of the mechanical axis of the
lower limb may be different.

This study presents several limitations, including its cross-
sectional, retrospective design. The relatively small number of
patients in each group could be another limitation. The analysis
strategy in this study was based on statistical significance and
effect size. This conservative strategy could have deemphasized
scientifically relevant correlations. Nevertheless, these additional
possibly relevant correlations would have probably indicated
relationships of similar directionality as the present results,
therefore marginally affecting the findings in this study. More-
over, while statistical significance and large effect sizes do not
necessarily imply scientific relevance, our findings, in particular
the directionality of the correlations, are important and mean-
ingful in light of the current state of knowledge, as discussed
above. Furthermore, while we did consider variations in gender,
age, bone size and femorotibial angle in the statistical analyses,
other potential confounders such as patient weight and body
mass index should also be considered in future studies. These
data were unfortunately inaccessible in this retrospective study.
Another potential limitation is related to the technique used to
assess sBMD. Indeed, attenuation measurements by CT could be
biased by the non-mineral components of bone (i.e., fat and
blood vessels), which are taken into account when measuring the
attenuation of each voxel18. However, in the first 3 mm of sub-
chondral bone, the influence of non-mineral components of bone
is likely negligible compared to its mineral components that
largely predominate. Finally, we performed the analyses on the
femurs only, and future work should confirm our results on the
tibia as well.

In conclusion, we have shown through concomitant regional
and subregional analyses of sBMD and CTh that these properties
are positively correlated in non-OA knees, and negatively in OA
knees. These results obtained in vivo bring support to the theory of
a cartilage/subchondral bone unit, with an adaptation of the tis-
sues to each other and to their environment in the healthy state,
and a loss of this adaptation in the pathological state. Future
studies using this technique, notably with intermediate OA stages,
could help gain a better understanding of the relationships be-
tween subchondral bone and cartilage, which could not only lead
to better comprehend the pathophysiology of OA, but also to
design novel therapeutic pathways that might be more efficient
by targeting a regulation of the common metabolic activity of
bone and cartilage7.
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