
brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 
Subchondral bone micro-architectural alterations in osteoarthritis:
a synchrotron micro-computed tomography study
Dr. C. Chappard Ph.D., M.D.*, F. Peyrin Ph.D., A. Bonnassie Ph.D., G. Lemineur Ph.D.,
B. Brunet-Imbault Ph.D., E. Lespessailles M.D. and C.-L. Benhamou M.D.
Inserm, U 658, Centre Hospitalier Orleans, IPROS l rue porte madeleine, 45032 Orleans, France

Summary

Objectives: We evaluated the three-dimensional (3D) micro-architecture of subchondral trabecular (Tb) bone in osteoarthritis (OA). Due to
high signal-to-noise ratio and high resolution, micro-computed tomography (micro-CT) by synchrotron radiation is considered as the gold stan-
dard for bone micro-architecture imaging.

Design: Subchondral bone were extracted from femoral heads in OA cases in areas without cartilage (OAc�; nZ 6) and in adjacent areas
with cartilage (OAcC; nZ 6) and compared to eight subchondral bone cores from osteoporosis cases (OP). The voxel size of images was
10.13 mm. We measured the bone volume fraction (BV/TV) and morphological parameters: Tb thickness (TbTh), Tb spacing (TbSp), Tb num-
ber (TbN), and bone surface/bone volume (BS/BV). The degree of anisotropy (DA), the connectivity by the Euler number and the degree of
mineralization (DM) were equally assessed.

Results: BV/TV and morphological parameters showed significant differences between OAc� and OP samples (P! 0.01 except TbTh:
P! 0.05) and between OAc� and OAcC (0.05!P! 0.01) but no difference between OAcC and OP except TbN (P! 0.01). The connec-
tivity was higher in OAc� comparatively to OAcC and OP. The DA were significantly different between OA and OP cases (P! 0.01) but not
between OAc� and OAcC specimens. The DMs (meanGSD) were 0.817G 0.142 g/cm3, 0.873G 0.161 g/cm3, 0.906G 0.156 g/cm3 for
OAc�, OAcC, OP (P! 0.01), respectively.

Conclusion: Subchondral bone changes were mainly observed in advanced OA, when cartilage has been deleted and preserved in adjacent
area. These data suggest that subchondral bone changes would be rather secondary to the cartilage deterioration than a primitive mechanism
of OA. Nevertheless, longitudinal data could bring more accurate conclusions.
ª 2005 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction

Osteoarthritis (OA) and osteoporosis (OP) are common
afflictions of aged human beings. OP is more rarely found
in patients with OA than in controls and vice et versa1.
Recently, the relationship between OP and OA was not
described as a simple inverse association2. OA is charac-
terized by the progressive destruction of articular cartilage
and changes in subchondral bone. Bone changes sur-
rounding the OA joint are frequently seen on radiographs
of OA patients. The sclerosis of the subchondral bone is
regarded as one of the primary radiologic features of OA3.
The relationship between bone and cartilage in OA has
been widely discussed4. Although the destruction of
articular cartilage is indeed the main feature of OA, some
researchers suspected the subchondral bone of exacerbat-
ing the degeneration. Repetitive impact loading has been
shown to induce subchondral bone changes resulting in
a less compliant trabecular (Tb) bone which thereby trans-
fers excessive mechanical stress to the overlying articular
cartilage5. The question of whether the subchondral
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changes occur before cartilage deterioration or are subse-
quent to these changes still remains unanswered6. Some
authors observed a thickening of the subchondral bone pre-
ceeding alteration of the cartilage7,8. Others observed that
thickening of the subchondral bone was not required to ini-
tiate cartilage fibrillation and there was only osteophyte for-
mation9. Some authors have underlined the usefulness of
antiresorptive therapies to reduce the progression of OA10.
Subchondral bone changes have been already evaluated

by histomorphometry in OA animal models11,12 and from
humans with OA13e16. The latter author concludes that
more precise analysis with regional distribution of bone pa-
rameters is very important for a better understanding of sub-
chondral bone structural changes due to the disease16.
Indeed, in conventional histology, a long preparation
is necessary and the histological cutting process may
cause mechanical deformations and cracks17. There is no
three-dimensional (3D) representation, the stereological
interpretation of two-dimensional (2D) slices remains very
controversial18. The subchondral bone micro-architecture
changes have been evaluated with 3D micro-computed to-
mography (micro-CT) in animal models7,9,19 with voxel
sizes ranging from 30 to 60 mm. Micro-CT images were
also performed in human tibia with and without OA with
a 22 mm voxel size20. However, to assess the bone morpho-
metric parameters, the most appropriate voxel size is
around 10 mm21. All previous studies have been performed
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with conventional desktop micro-CT. The synchrotron radi-
ation (SR) micro-CT presents substantial advantages. The
X-ray beam chosen may be monochromatic and nondiver-
gent. The high signal-to-noise ratio in the SR micro-CT im-
age is of interest for the segmentation of bone from the
background, and this technique also permits the assess-
ment of mineralization variations. SR micro-CT is consid-
ered as the most accurate technique for quantifying both
the mineralization at the trabeculae level and the micro-ar-
chitecture on the same sample22. SR micro-CT systems
have already been applied to bone studies to observe OP
alterations and medication effects16,23e27. At this time, SR
micro-CT is considered as a gold standard to evaluate the
3D micro-architecture of Tb bone26.
The aim of this study was to evaluate alterations of sub-

chondral Tb bone on human femoral heads in relation to OA
by comparison with OP using SR micro-CT. We compared
OA subchondral Tb bone in areas with full thickness loss
(OA without cartilage, OAc�) without cartilage considered
as the last stage of the disease with adjacent subchondral
Tb bone in areas surrounded by cartilage considered as
an earlier stage of the disease.

Materials and methods

SPECIMENS

The bone subchondral specimens were sampled from
femoral heads removed during arthroplasty for six OA and
eight OP cases in male patients (Orthopedic Surgery De-
partment of Centre Hospitalier d’Orleans). Patients with
congenital or acquired dysplasia, or avascular necrosis
were excluded from the OA group. Patients with osteomala-
cia, multiple myeloma, rheumatoid arthritis or secondary OP
due to corticosteroids were excluded from the OP group.
The mean age was 66.5G 15.9 years for OA patients and
79.1G 13.0 years for OP patients (PZ 0.08). All bone
cores were always sampled in the long axis of the femoral
neck perpendicular to the surface in the superior area
near the fovea. The ‘‘osteoporotic’’ bone cores were always
sampled on the meridian line. In each ‘‘osteoarthritic’’ fem-
oral head, two subchondral bone cores were obtained:
one without cartilage (OAc�) and the other with cartilage
(OAcC) either on the anterior area, or on the meridian
line or on the posterior area. The details are described in
Fig. 1. The cylindrical cores of subchondral bone with size
of 10 mm height and 8 mm in diameter were prepared under
continuous water irrigation using a precision diamond circu-
lar saw. All the samples comprised the subchondral Tb
bone immediately under cartilage and subchondral cortical
bone. They were chemically defatted (several cycles of sub-
merging in bleach and dichloromethane) in order to remove
the bone marrow28. Typical subchondral bone cores are
represented in Fig. 2.

IMAGE ACQUISITION

The 14 cleaned bone cores were imaged using SR at the
European Synchrotron Radiation Facility (ESRF, Grenoble,
France) on beamline ID19. The set-up provides a very in-
tense, homogeneous, parallel and monochromatic beam.
The detailed description of the device has been previously
reported29. The transmitted X-ray beam was recorded with
a scintillator coupled to a 2D 1024! 1024 Coupled Charge
Device (CCD) camera with a dynamic range of 14 bits de-
veloped by the ESRF Detector Group. For these experi-
ments, the X-ray energy was set at 20 keV for the OP
samples and 23 keV for the OA samples. To perform
a flat field correction, dark, current and reference images
without the sample were taken regularly during the acquisi-
tion. With an angular step of 0.2( over an angular range of
180(, 900 radiographic projections were acquired. The ex-
posure time for one image was about 0.3 s, thus the total
scan of each sample was about 15 min. The optical system
was set to get a pixel size of 10.13 mm.
The calibration method to estimate the 3D distribution of

mineral content within the bone sample was previously
described22.

IMAGE PROCESSING

The 3D bone structure was reconstructed from a set of
2D radiographic projections under different angles of view
with an exact tomographic reconstruction algorithm based
on 3D filtered back-projection (Ram-Lak filter). Typical 3D
images obtained with SRs are illustrated in Fig. 3.
A cylinder region of interest (ROI) of 580 pixels diame-

ter! 600 was selected and centred inside bone (corre-
sponding to 5.875 mm and 6.078 mm, respectively). A
preliminary treatment was used to remove isolated bone
and marrow particles. These isolated Tb bone parts have
been demonstrated to have no significant influence from
a mechanical point of view30. The 3D reconstructed vol-
umes were segmented by a global threshold above which
all voxels are considered as bone and below which all vox-
els are considered as background. An identical global
threshold for each group (OA and OP) was performed to bi-
narize images. An example of binarized image is reported in
Fig. 4.

MEASURED AND CALCULATED PARAMETERS

Morphological and topological parameters were then
computed from the 3D binarized volumes with software
tools developed at CREATIS. Morphometric parameters

Fig. 1. Location of bone cores. The osteoporotic bone cores were
always sampled in position 1. OA bone cores were sampled in
area with and without cartilage according to locations 1, 2, and 3.
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Fig. 2. Typical bone cores obtained after deffating. (1) OP sample; (2) OA sample with cartilage; and (3) OA sample without cartilage.
were computed by using the mean intercept length (MIL)
technique31. The bone volume/tissue volume (BV/TV) cor-
responding to the bone proportion was measured. A ran-
dom set of test lines was used, and the number of
intersections of lines with bone boundaries was evaluated.
The Tb number (TbN, mm�1), is then given by:

TbN
�
mm�1

�
ZIntercept number=parallel test line length

ð1Þ
The Tb spacing (TbSp, mm), the Tb thickness (TbTh, mm)
and the bone surface/bone volume (BS/BV, mm�1) are
then derived from BV/TV and TbN measured according to
a parallel plate model32. To avoid any model hypothesis,
we also used a direct method proposed by Hildebrand
et al.33. This method enables to estimate the distribution
of TbTh on the whole volume, and then the mean TbTh*
(mm). We proposed an implementation of the method based
on 3D discrete Chamfer distance and medial axis
transformation34.
The MIL method also enables to define the principal ori-

entation of the structure by fitting the degree of anisotropy
(DA, no unit), defining the orientation of the structure35.
For each direction, the number of intersections normalized
by length of the test line was represented by a point in 3D
space. All these points may then be fitted by an ellipsoid,
the half axes of which taken in descending order are called
MIL1, MIL2, MIL3. The 3D anisotropy degree is then esti-
mated by

DAZMIL1=MIL3 ð2Þ

DA equals one for isotropic structure, the higher the DA, the
more anisotropic the structure.
The connectivity was quantified by the Euler number (c).
There is a simple method to calculate the Euler number
by computing the meeting points between two voxels:
n0Z number of vertexes, n1Z number of edges, n2Z
number of faces, and n3Z number of voxels. The Euler
number is obtained by the following formula:

cZn0 � n1Cn2 � n3 ð3Þ

If the object is made of a single connected component and
contains no voids, the connectivity may be quantified by the
Betti number b1 and is related to the Euler number by the
following formula:

cZ1� b1 ð4Þ

Ahighlyconnectedstructure, suchashealthycancellousbone
has a high negative Euler number and an OP bone has an
absolute smaller value. Thismethodwaspreviously described
in detail by Odgaard and Gundersen18 for bone applications.
The grey levels corresponding to bone absorption were

converted into concentrations of mineral content in g/cm3

according to the calibration method. The procedure is previ-
ously described22.

DATA ANALYSIS

All statistical computations were done with NCSS
(Kaysville, USA). An analysis of variance (ANOVA) test
was used to compare the three groups.
For morphological and topological parameters, a Wil-

coxon signed rank test was used to compare OA specimens
with cartilage and without cartilage from the same femoral
heads. A ManneWhitney rank test was used to compare
Fig. 3. Typical 3D images obtained with synchrotron imaging of bone samples. The voxel size is isotropic, 10.13 mm. (1) OP sample; (2) OA
sample with cartilage; and (3) OA sample without cartilage.
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Fig. 4. Example of a synchrotron reconstruction obtained before and after binarization. (1) Grey level image; (2) white colourZ Tb bone and
grey colourZ inter-TbSp.
OP and OA specimens. An analysis of covariance with age
as covariate was used to compare the parameters from OA
and OP groups.
For each bone morphologic parameter, we calculated the

average percentage deviation from OAcC subchondral Tb
ð5Þ
CDbone parameterDZ
100

n

XiZn

iZ1

bone parameterðOAcCÞi�bone parameterðOAc� Þi
bone parameterðOAc� Þi
bone comparatively to the OAc� subchondral Tb bone.
where n is the number of specimens.
The distribution of grey levels within the different ROIs

was obtained from the histogram of the bone images nor-
malized by the total volume. The histograms were averaged
for each group.

Results

Morphological parameters for OP, OAcC and OAc� sub-
chondral bone samples are described in Table I and illus-
trated in Fig. 5. Topological parameters are represented in
Table I and illustrated in Fig. 6. All morphological and topo-
logical parameters were different according to ANOVA
tests. All morphological and topological parameters showed
statistically significant difference between OAc� and OP
samples (with P! 0.01 except TbTh: P! 0.05). The differ-
ences in morphological parameters such as BV/TV, BS/BV,
TbTh, TbTh*, TbSp were statistically significant between
OA samples with and without cartilage (0.05!P! 0.01).
These parameters were not significantly different between
OAcC and OP except TbN (P! 0.01).
Concerning topological parameters, higher connectivity

was found in OAc� subchondral bone samples compara-
tively to OAcC and OP subchondral bone samples. More-
over, the connectivity was also higher in OAcC
subchondral bone samples comparatively to OP samples.
For DA parameter, there were significant differences be-
tween OA samples and OP samples (P! 0.01). In both
Table I
Bone morphological parameters: mean, standard deviation (SD) and range of variation concerning subchondral bone for OP, OA with cartilage

(OAcC) and without cartilage (OAc�). ANOVA test was used to compare groups

OAc� (nZ 6), meanGSD [range] OAcC (nZ 6), meanG SD [range] OP (nZ 8), meanGSD [range] ANOVA P

BV/TV (%) 35.9G 7.0 [31.3, 49.8] 21.7G 5.3 [15.4, 30.5] 18.3G 4.6 [11.9, 24.7] 6! 10�5

BS/BV (mm�1) 13.12G 2.48 [9.57, 15.50] 18.3G 2.5 [14.8, 21.3] 17.44G 2.76 [12.75, 21.36] 6! 10�3

TbTh (mm) 157.6G 33.1 [129.0, 208.9] 110.9G 16.1 [93.8, 135.2] 117.4G 19.9 [93.6, 156.9] 6! 10�3

TbTh* (mm) 235.5G 42.2 [193.1, 298.6] 172.2G 19.3 [148.0, 195.3] 170.8G 25.9 [135.4, 219.1] 10�3

TbSp (mm) 0.28G 0.06 [0.21, 0.36] 0.41G 0.07 [0.29, 0.51] 0.54G 0.11 [0.40, 0.71] 10�4

TbN (mm�1) 2.30G 0.33 [1.81, 2.72] 1.94G 0.29 [1.64, 2.43] 1.55G 0.25 [1.23, 1.91] 5! 10�4

Euler (mm�3) �20.5G 11.3 [�34.2, �5.6] �12.7G 11.5 [�35.9, �5.5] �5.6G 2.5 [�8.5, �2.7] 2! 10�5

DA 1.38G 0.09 [1.25, 1.46] 1.40G 0.14 [1.12,1.53] 1.64G 0.10 [1.48, 1.76] 6! 10�4

TbTh* was measured by the Hildebrand method.
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Fig. 5. Results of morphological parameters for OA subchondral bone samples with cartilage (OAcC) and without cartilage (OAc�) from
the same femoral heads and OP subchondral bone samples (OP). *P! 0.05 and **P! 0.01 with a ManneWhitney test, #P! 0.05 with a

Wilcoxon test.
cases, there was no difference between OAc� and OAcC
specimens. When adjusted for age, there was no difference
between OAcC and OP (data not shown) except for DA,
the meanG standard error was 1.40G 0.05 and
1.64G 0.04 for OAcC and OP (P! 0.01), respectively.
All parameters remained significantly different between
OAc� group and OP group (0.05!P! 0.0005).
The results of the intra-individual variations represented

by the individual mean variations in percentage between
OAc� and OAcC and the estimation of the inter-individual
variations by the mean differences between OAcC and OP
are shown in Table II. The intra-individual differences were
high, ranging from C14.9% to C39.5% for TbN and BV/TV,
respectively and were �43.6% and �46.9% for BS/BV and
TbSp, respectively. These intra-individual differences were
higher than the inter-individual differences for all parame-
ters except for TbN.
The mean distribution of the degree of mineralization is

shown in Fig. 7. The degree of mineralization (meanG SD)
of bone samples was 0.817G 0.142 g/cm3, 0.873G
0.161 g/cm3, and 0.906G 0.156 g/cm3 for OAc�, OAcC,
and OP, respectively. The P value of OAcC vs OAc�
obtained by the Wilcoxon test was 0.005. The P values of
OAcC vs OP and OAc� vs OP obtained with the Manne
Whitney test were 0.002 and 0.01, respectively. Bone
specimens from OA femoral heads without cartilage are
hypomineralized and more heterogeneous comparatively
to those covered by cartilage and to OP cases.

Discussion

This is the first study investigating micro-architectural
characterization of human subchondral Tb bone in OA by
SR micro-CT. We observed that subchondral bone impair-
ments are mainly observed in advanced OA, when cartilage
has been deleted. These data suggest that these subchon-
dral bone impairments would be a mechanism of OA rather
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secondary to the cartilage deterioration than a primitive
mechanism of OA. The intra-individual variations inside
the femoral head were superior to the estimation of inter-in-
dividual variations between OA and OP samples suggest-
ing that there were profound micro-architectural alterations
in subchondral bone in response to cartilage degradation.
In our study there was a difference in age between groups.
The ages of OA and hip fracture groups were those found
usually in literature36. However, the adjustment to age did
not change the interpretation. These results suggest that
the influence of environment loading in development and
maintenance of micro-architectural alterations are more im-
portant than ageing at the femoral heads.
In OA, the mean BV/TV was increased in subchondral Tb

bone area without cartilage comparatively to subchondral
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Fig. 6. Results of topological parameters for OA subchondral bone
samples with cartilage (OAcC) and without cartilage (OAc�) from
the same femoral heads and OP subchondral bone samples

(OP). *P! 0.05 and **P! 0.01 with a ManneWhitney test.

Table II
Intra-individual variations expressed by the mean individual devia-
tions in percentage of bone morphological parameters between
Tb subchondral bone from OA cases with cartilage (OAcC) and
without cartilage (OAc�) and an estimation of inter-individual varia-
tions expressed by the difference of the mean between (OAcC)

and (OP)

Mean Di (%),
OAc�/OAcC

D Mean (%),
OAcC/OP

BV/TV (%) C39.5 �15.8
BS/BV (mm�1) �43.6 �4.8
TbTh (mm) C27.5 C5.8
TbTh* (mm) C26.5 C0.7
TbSp (mm) �46.9 �31.5
TbN (mm�1) C14.9 �20.4
adjacent Tb bone area covered by cartilage (35.1G 7%
vs 21.7G 5.3%). The mean BV/TV of OP bone was close
to subchondral bone with cartilage in OA (18.3G 4.6%. vs
21.7G 5.3%). There is agreement with most histomorpho-
metric studies which have reported an increase in Tb
bone volume in human bone with OA13,15,16,37 or in animal
models11. Fazzalari and Parkinson13 measured BV/TV in
two subchondral regions superior and infero-medial to the
fovea from OA hip. They found BV/TV at 36.9% in the supe-
rior region and 15.8% in the infero-medial region. These re-
sults are close to ours where all bone cores were sampled
in the superior regions of fovea. Li and Aspden37 have re-
ported a BV/TV increase of 60% in the OA group and a re-
duction of 18% in the OP group and considered that OP and
normal bone are very similar in femoral heads.
With conventional micro-CT, Ding et al. found a significant

increase of bone fraction in % in early OA comparatively to
controls. Conventional micro-CT was also used to evaluate
changes in subchondral bone at the femur in guinea pigs7

and at the tibial plateau in dogs9,38. A discrepancy between
these experiments has been observed. The BV/TV was in-
creased in subchondral bone of experimental animals with
OA comparatively to controls7. On the contrary, there is
a trend to decrease in BV/TV at 18 and 54 months9 and
at 3 and 12 weeks after anterior cruciate ligament transec-
tion in dogs38. It is possible that in post-traumatic OA Tb mi-
cro-architecture changes are different than in primitive OA.
Moreover, in human bone, only later stages of the disease
are observable.
In our study, in OA without cartilage cases (OAc�),

morphological parameters such as TbTh, TbTh* and TbN
were higher and TbSp and BS/BV were smaller explaining
the increase of BV/TV. These results suggest an uncoupled
balance between bone resorption and bone formation with
a predominant bone formation. In histomophometric studies,
discordant results were found. For the highest stage of carti-
lage degeneration, Bobinac et al.16 found in tibial plateaus
a significant TbTh increase and a decrease in TbSp with
no difference in TbN. Kamibayashi et al.15 in subchondral
bone of tibial plateaus found lesser, widely spaced and
thicker trabeculae in OA comparatively to controls. In severe
OAof femoral head removedduring hip replacement surgery,
Fazzalari and Parkinson13 found that Tb volume increased
mainly through an increase in TbN and reduced TbSp rather
than a thickening of trabeculae. TbTh and BS/BV that we
found are concordant with those in a conventional micro-CT
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study performed in early OA whereas the TbN increase and
TbSp decrease aremore pronounced in our study performed
at the later stage of OA. This observation might suggest that
the increase of TbTh is an earlier phenomenon in reaction to
cartilage degradation, the increase of TbN appearing sec-
ondarily. In animal models, the increasing subchondral
bone fraction of experimental OA comparatively to controls
was due to a significant decrease in TbSp and to a tendency
to increase in TbTh and density7. On the contrary with the
same technique, TbTh was decreased, BS/BV and TbSp
went up and no detectable change was found in TbN38.
In our study, the high Tb bone volume in OAc� might be

due to an increase in TbTh in comparison with the area of
the same femoral heads with cartilage (OAcC), the number
of trabeculae increasing to a lesser extent. The differences in
the number of trabeculae between OA and OP groups were
probably due to a Tb deletion in the OP group and not only
a real increase in OA. Indeed, the distribution of TbN values
in OAcC was intermediate between OAc� and OP groups
and there was no difference between OAc� and OAcC for
this parameter. On the contrary, whatever the method of
measurement (direct or indirect), TbTh and TbTh* in
OAcC group were close to TbTh and TbTh* in OP group.
We have found that a connectivity expressed by the Euler

number increased in subchondral bone without cartilage.
Various results about connectivity have been noticed. The
3D connectivity of Tb bone structure was increased early
in both femur and tibia after unilateral anterior cruciate liga-
ment transection19. Connectivity density was not modified in
early OA of human tibias19. On the contrary, Kamibayashi
et al. with histomorphometric methods on 2D slices reported
that trabeculae are thicker and more widely spaced in hu-
man OA knees. They interpreted this data as an early
loss of connectivity followed by a compensatory thickening
of the remaining structure15. However, the stereological in-
terpretation of 2D slices is considered to be very controver-
sial18. From a stereological point of view, only 3D
representation is reliable to measure the connectivity. In
our case, the 3D connectivity density was measured in
late OA but with a large variability between specimens ex-
plaining probably the lack of difference between OAc�
and OAcC. We noticed that connectivity varied in parallel
with the TbN parameter.
Local anisotropy of the cancellous bone structure was

closely related to mechanical anisotropy35. The higher an-
isotropy found in OP bone cores suggested bone deletions
in preferential directions as it was already suggested39. Few
studies have described an increase in anisotropy in weight-
bearing osteoporotic bones; this has been demonstrated at
vertebrae40, at femoral neck41 and at calcaneus42. In our
study, we found a tendency of a lower anisotropy in the ab-
sence of cartilage. Radin and Rose43 have already sug-
gested concerning OA subchondral bone a relationship
between shear stresses and material anisotropy. We can
imagine that the shear stresses propagated in parallel to
the interface between cartilage and bone may initiate
bone formation preferentially in a direction parallel to the
bone surface and change the local anisotropy. In a prospec-
tive study, a decrease of anisotropy accompanied by bone
structure changes in animals after anterior cruciate ligament
transection was described19.
The main strength of our study is that it was performed in

an optimized way: defatted human bone specimens were im-
aged with voxel sizes approximately 10 times smaller than
TbTh. A resolution around 10 mm was described necessary
to identify bone micro-architecture with accuracy21. The
SR micro-CT is considered as a gold standard for
micro-computed imaging with high signal-to-noise ratio.
With this technique the segmentation of bone from the back-
ground is simplified, a unique threshold being applied for the
whole data set21. Indeed, with conventional micro-CT
(polychromatic X-rays and cone beam geometry) the
segmentation of bone tissue from marrow has been
recognized by many authors to be a critical step to interpret
morphological bone parameters43e46.
Another strength of the SR micro-CT method is the pos-

sibility to evaluate the mineralization of trabeculae. We
found OAc� bone specimens hypomineralized and more
heterogeneous comparatively to OAcC and OP cases.
The heterogeneity of mineralization in trabeculae is proba-
bly a consequence of high level of bone remodeling49.
Our results are in accordance with those obtained with dif-
ferent methods of measurements such as density fraction-
ation on powdered bone50, analysis of calcium content46

and quantitative backscattered electron imaging48. In OA
both weight-bearing and non-weight-bearing subchondral
bones showed a lower degree of mineralization than age-
matched controls and young controls.47. Defect in calcium
content of collagen has been already reported in human
bone with OA comparatively to controls49.
In conclusion, we used the SR micro-CT considered as

the most reliable technique at this time to assess bone mi-
cro-architecture. We have shown differences in bone micro-
architecture in subchondral Tb bone area with full thickness
loss of cartilage comparatively to a close area surrounded
by cartilage. These results suggest that the increase in
BV/TV is mainly due to TbTh and to a lesser extent to
TbN and would be a secondary mechanism aiming to pre-
serve mechanical properties of subchondral bone. However,
in the absence of a longitudinal design, our results still do
not definitely determine whether the alterations observed
in OA bone are really secondary to degenerative changes
in the cartilage.
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