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ABSTRACT

Objectives: The objective was to estimate the impact of the meniscus on cartilage and subchondral bone in knee
osteoarthritis (OA).

Methods: In a sample of 46 knee specimens (26 females), 13 (7 females) were classified as OA according to the
Kellgren-Lawrence classification. Outerbridge and meniscal grading were performed. Using micro-computed
tomography images, we analyzed the cartilage thickness, subchondral plate thickness and micro-architecture of
trabecular subchondral bone at different depths and in two different locations of the medial tibial plateau: one
peripheral (PER) covered by the meniscus and one central (CENT) uncovered by the meniscus.

Results: Uncoverage by the meniscus was associated with bone sclerosis, defined as higher bone volume to total
volume (BV/TV), higher trabecular number, thicker trabeculae with lower spacing, and anisotropy and a more
plate-like architecture. The protective effect of meniscal coverage was observed in the uppermost 5 to 6 mm of
the subchondral bone. As compared with normal knees, knees with OA showed significantly higher bone scle-
rosis (P < 0.05-0.001) at the PER location, but only BV/TV (P=0.03) and trabecular number (P=0.02) differed
between OA and non-OA knees at the CENT location uncovered by meniscus.

Conclusions: OA results showed a partial dedifferentiation of the subchondral bone micro-architecture between
PER and CENT locations probably due to menisci that still retain some of their protective effects on the sub-

chondral bone.

1. Introduction

Osteoarthritis (OA) is a multifactorial disease of the whole joint.
Various genetic and environmental risk factors and pathophysiologic
processes contribute to its gradual progression: degradation of articular
cartilage, osteophyte formation, subchondral sclerosis, meniscal de-
generation, bone marrow lesions, synovial proliferation and low-grade
inflammation (Chen et al., 2017a). Knee OA presents the greatest
morbidity (Felson, 2006). In the knee, most commonly the medial
compartment is affected (Lawrence et al., 2008).

Cartilage, menisci and subchondral bone are a functional unit. The
relationship between bone and cartilage in OA has been widely dis-
cussed (Biswal et al., 2002). Although the destruction of articular car-
tilage seems to be the dominant feature of OA, some researchers suspect
that subchondral bone changes may exacerbate cartilage degeneration
(Goldring and Goldring, 2010). Sclerosis of subchondral bone is con-
sidered one of the primary radiologic features of OA (Altman and Gold,
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2007). Menisci play an important role in load-bearing transmission,
shock absorption, joint congruity and stability (Fox et al., 2015). Me-
niscal injury is associated with hyaline cartilage alteration leading to
knee OA (Fox et al., 2015). Partial and total meniscectomy is associated
with articular degradation and OA progression (Felson, 2013).
Changes in subchondral bone micro-architecture caused by OA have
been investigated by 2D histology (Matsui et al., 1997; Bobinac et al.,
2003; Finnild et al., 2017; Chen et al., 2017b) or 3D micro-computed
tomography (CT) (Finnila et al., 2017; Chen et al., 2017b; Patel et al.,
2003; Roberts et al., 2017) of tibia plateaus collected during total knee
arthroplasty. Two of these studies also included control cadaveric
samples (Bobinac et al., 2003; Chen et al., 2017b). Targeted outcomes
were location-specific differences in subchondral bone architecture of
the tibial plateau (Matsui et al., 1997; Bobinac et al., 2003; Roberts
et al., 2017) and variation in the subchondral and trabecular archi-
tecture of the epiphysis with increasing distance from the chondro-
osseous junction (Matsui et al., 1997; Bobinac et al., 2003). However,

Received 25 September 2019; Received in revised form 18 March 2020; Accepted 10 April 2020

Available online 16 May 2020

2352-1872/ © 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/BY-NC-ND/4.0/).


http://www.sciencedirect.com/science/journal/23521872
https://www.elsevier.com/locate/bonr
https://doi.org/10.1016/j.bonr.2020.100271
https://doi.org/10.1016/j.bonr.2020.100271
mailto:christine.chappard@inserm.fr
https://doi.org/10.1016/j.bonr.2020.100271
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bonr.2020.100271&domain=pdf

G. Mitton, et al.

none of these studies specifically investigated the impact of the me-
niscus on subchondral architecture.

Bone volume (BV) and trabecular thickness (Tb.Th) were found
highest in the superficial layer and decrease with increasing distance
from the chondro-osseous junction (Matsui et al., 1997; Bobinac et al.,
2003). These findings were confirmed by a micro-CT study of normal
and osteoarthritic human knee specimens (age range 59-74 years),
which showed a depth dependence of subchondral bone microstructure
in the first 6 mm below the subchondral bone plate and differences in
microstructure between medial and lateral compartments (Patel et al.,
2003). The depth dependence of BV to total volume (BV/TV), Tb. Th,
trabecular number (Tb.N) and structure model index (SMI) was also
established in our own micro-CT study of the medial compartment of
human tibia specimens without OA (mean age 82 =+ 10 years)
(Touraine et al., 2017). More importantly, our study demonstrated a
significant protective effect of the meniscus on cartilage and sub-
chondral bone structure. Cartilage and subchondral bone plate were
thicker in the center of the tibial plateau, an area not covered by the
meniscus, than in posterior and peripheral locations covered by the
meniscus.

However, none of these studies included a 3D combined evaluation
of cartilage thickness, subchondral bone plate and trabecular sub-
chondral bone micro-architecture or a location-specific analysis with
respect to meniscal coverage. Also, none of the studies included a se-
parate analysis of males and females with age matching between OA
and controls, although the dependence of bone micro-structure on age
is sex-specific (Lochmiiller et al., 2008).

The objective of this study was to estimate the impact of the me-
niscus on cartilage and subchondral bone in subjects with knee OA
compared to controls. We hypothesized that in humans, cartilage
thickness and subchondral bone microstructure of the proximal tibia
depend on coverage by the meniscus and that the protective effect of
the meniscus is reduced or even absent in knees with than without OA.

2. Material and methods
2.1. Specimens

We obtained 46 human unpaired left cadaveric knees (26 females,
mean age 86.1 = 7.7 years; 20 males, mean age 80.0 + 11.3 years)
from the Paris Descartes Anatomy Institute, France. All donors were
Caucasian. The study was approved by the Ethics Committee of the
Paris Descartes University. These human tissue specimens were col-
lected according to pertinent protocols established by the INSERM
Human Ethics Committee. The subjects willed their body to science and
were anonymous, so no data were available regarding the cause of
death, previous illnesses, or medical treatment.

After soft tissue removal, knee specimens were obtained after cut-
ting the distal third of femoral diaphysis and proximal third tibial
diaphysis and were stored at — 20 °C. The Kellgren-Lawrence (KL) grade
(Kellgren and Lawrence, 1957) was determined from posterior-anterior
radiographs taken of the specimens lying on the table (Axiom Luminos,
Siemens, Munich, Germany). In total, 33 knees (19 females) graded as
KL 0 or 1 were classified as normal and 13 knees (7 females) graded KL
2 to 4 were classified as OA. The sample of 28 knees used in our pre-
vious publication (Touraine et al., 2017) was a subsample of the 33
normal knees.

Knees were dissected, and tibial plateaus were excised perpendi-
cular to the longitudinal axis of the tibia at a depth of 3 cm. A second
grading system (Pauli et al., 2011) was used to characterize meniscal
degeneration by qualifying the macroscopic appearance of the meniscus
before removal. Grade 1: Normal intact menisci, attached at both ends
with sharp inner borders, no tibial or femoral surface changes. Grade 2:
Fraying at inner borders, tibial or femoral surface fibrillation, no tears.
Grade 3: Partial substance tear fraying, tibial or femoral side fibrilla-
tions. Grade 4: Full/complete substance tears, loss of tissue (Fig. la;,
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Fig. 1. Tibial plateaus in control specimen (a) and osteoarthritis specimen (b)
with (a;, b;) and without meniscus (ay, b,). Locations of cores used for the
analysis of cartilage and subchondral bone characteristics (a; and b;). Post-
acquisition rotation of Micro-CT images ensured that each slice was perpendi-
cular to the cartilage surface in areas covered by meniscus: PER (a3, bs) and not
covered by meniscus: PER (a4,b,).

b;). After meniscus removal, to improve cartilage visualization, joint
surfaces were rinsed with saline, stained with waterproof black India
ink (Sanford Rotring, Hamburg, Germany), dried for 10 min, and rinsed
again to remove the ink from the normal cartilage surface so that only
the cartilage fibrillation areas remained dark (Meachim and Fergie,
1975). All joint surfaces were photographed alongside a ruler. Cartilage
degradation was assessed by the modified Outerbridge classification
(Uhl et al., 1998): Grade 0: normal cartilage; grade 1: cartilage soft-
ening and swelling; grade 2: mild surface fibrillation and/or reduction
of cartilage thickness by < 50%; grade 3: severe surface fibrillation
and/or loss of cartilage thickness by > 50%; grade 4: complete loss of
cartilage with subchondral bone exposure.

2.2. Sample preparation and micro-CT imaging

Bone cores with an internal diameter of 7 mm trephine were har-
vested in the medial tibial plateau by use of a circular diamond saw
(BROT, Argenteuil, France). The bone cores were harvested in two
different areas of the medial tibial plateau (Fig. 1a,, by). A peripheral
core (PER) fully covered by the meniscus was located midway between
the anterior and posterior edges of the tibial plateau, and a second core
was harvested from the center of the tibial plateau (CENT), not covered
by the meniscus.

Two micro-CT scans (Skyscan 1172, Bruker Kontich, Belgium) were
obtained from each core to optimize cartilage or bone contrast. For the
cartilage scan, each core was placed in a plastic tube and put in a bath
of mineral oil (Sigma-Aldrich Chemical Co., St Louis, MO) and images
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Tb.Th=0.15 mm

Tbh.N=1.39mm-!

Fig. 2. Examples of subchondral plates and trabecular bone at the CENT loca-
tion (a) in normal and (b) in osteoarthritic sample. al and bl: coronal views
with positioning of the slices, a2,b2: transversal views of subchondral plate,
a3,b3: trabecular bone in the upper 5 mm, a4,b4:and trabecular bone beyond.
a5 and b5: 3D volumes.

were acquired at 37 kV and 100 pA, rotation step: 1.2°, 10-frame
averaging with acquisition time 16 min. Further details are described
elsewhere (Delecourt et al., 2016). For the bone scan, the bone cores
were defatted before acquisition with supercritical CO,, which in a
microporous solid diffuses better than solvent and leads to total dilap-
idation of small bone samples (Fages et al., 1998), Bone images were
acquired at 80 kV and 100 pA, with a 0.5-mm-thick aluminum filter,
0.5° per rotation, and 30-frame averaging. Total acquisition time was
1 h20. 3D datasets were reconstructed by using the manufacturer's
customized Feldkamp reconstruction algorithm (NReCon, Skyscan,
Bruker, Kontich, Belgium). 3D datasets were reconstructed with an
isotropic voxel size of 10.2 pm (Fig. 2).

2.3. Cartilage and subchondral bone analysis

As described previously (Delecourt et al., 2016), data were pro-
cessed by using CtAn (Skyscan, Bruker, Kontich, Belgium). Briefly, for
determining cartilage thickness (Cart_Th, mm) the surfaces were con-
toured manually. Thickness was then determined by using the method
of largest spheres that could be positioned inside (Hildebrand and
Ruegsegger, 1997).

The tibial plateau is usually not perpendicular to the tibial axis, and
this angle depends on the location where the core is extracted.
Therefore, the micro-CT datasets were rotated (Dataviewer, Bruker,
Kontich, Belgium) to ensure that in a slice-by-slice analysis, each slice
was parallel to the cartilage surface. (Fig. 1as,as; bs,bs). For measuring
cortical subchondral plate thickness (SBP_Th, mm), the same technique
as for the cartilage analysis was used: manual segmentation combined
with the sphere method.
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Fig. 2. (continued)

Subchondral bone structure was segmented by using a threshold of
60 (0-255) for all datasets. Trabecular architecture was determined in
each core by using 3 circular volumes of interest (VOIs) (¢ = 6 mm),
one extending from 1 to 5 mm beneath the plate, one from 6 to 10 mm
and a third from 11 to 15 mm. The following subchondral bone struc-
ture parameters were determined: BV/TV (%), Tb.N (mm-1), Tb.Th
(mm), trabecular spacing (Tb.Sp, mm), and SMI, which quantifies plates
versus rods: values of O for a perfect plate structure and 3 for a perfect
rod structure. Finally, the degree of anisotropy (DA) defines the or-
ientation of the trabecular structure: DA is 1 for isotropic structures and
is > 1 for anisotropic structures. Further details have been described
elsewhere (Touraine et al., 2017).

2.4. Statistical analysis

Unpaired t-tests (Wilcoxon test in case of non-normality) were used
to determine group differences between OA and normal knees for all
parameters listed above. Paired t-tests were used to compare results
between the PER and CENT locations. ANOVA (Kruskall Wallis in case
of non-normality) was used to compare OA and normal knee samples
obtained at the 3 different depths beneath the subchondral plate, fol-
lowed by multiple-comparison post-hoc Bonferroni correction. A Mann
Whitney test was used to compare the Outerbridge and meniscal grades
in normal and OA knees. All statistical analyses were performed with
NCSS software (NCSS, Kaysville, UT).

The difference between PER and CENT locations was computed as a
percentage:

(A bone parameter)

_ loo % |bone parameter PER — bone parameter CENT]

I — bone parameter PER e))
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Table 1
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Mean =+ SD of cartilage thickness, subchondral bone plate thickness and trabecular bone micro-architecture measured at 1to 5 mm beneath the subchondral plate,
comparison between OA subjects and controls and comparison between the CENT and PER positions.

1-5 mm Central position not covered (CENT) Peripheral position under meniscus (PER) Comparisons CENT/PER

OA Normals P value OA/ OA Normals P value OA/ P value P value % diff %diff

normals normals OA Normals OA Normals

Males (n=6) (n =14 (n =6) (n =14
Cart. Th (mm) 1.34 = 0.38 220 = 0.5 0.0007 1.55 += 0.40 1.84 = 0.35 ns ns 0.02 35.0 20.6
SBP_Th (mm) 0.54 * 0.12 0.61 * 0.20 ns 0.45 + 0.15 0.42 * 0.20 ns ns 0.008 47.4 74.1
BV/TV(%) 427 + 4.8 349. = 85 0.03 348 = 9.4 23.2 = 5.7 0.001 0.05 0.03 33.2 54.5
Tb.Th(mm) 0.23 * 0.02 0.21 * 0.04 ns 0.21 * 0.02 0.16 = 0.03 0.001 0.03 0.001 13.4 29.6
Tb.N(1/mm) 1.83 = 0.26 1.63 = 0.15 0.02 1.65 = 0.32 1.39 = 0.16 0.01 ns 0.0002 18.8 19.2
Tb.Sp(mm) 0.44 = 0.09 050 * 0.05 ns 0.50 * 0.06 0.55 = 0.06 0.05 ns 0.02 14.5 9.4
SMI —-0.02 + 1.0 0.10 + 0.46 ns 0.02 + 1.31 0.85 + 0.34 0.02 ns 0.0001 59.1 102.5
DA 1.43 + 0.08 1.38 + 0.21 ns 1.59 += 0.28 1.89 = 0.31 ns ns <10~* 12.3 26.0
Females n=7) (n=19) (n=7) (n =19)
Cart. Th (mm) 1.94 = 0.97 214 = 0.38 ns 1.14 + 0.54 1.68 = 0.20 0.02 0.04 0.0002 40.7 78.8
SBP_Th (mm) 0.65 = 0.12 0.66 = 0.14 ns 0.56 + 0.20 0.39 * 0.15 ns ns 0.0004 189 35.1
BV/TV(%) 27.6 = 3.5 229 * 6.9 0.05 233 = 41 16.8 = 6.5 0.01 0.003 0.001 20.3 61.4
Tb.Th(mm) 0.18 + 0.02 0.16 + 0.02 ns 0.16 + 0.02 0.14 + 0.03 0.01 0.005 0.0003 10.1 27.3
Tb.N(1/mm) 1.53 = 0.09 1.36 = 0.27 0.01 1.41 = 0.16 1.18 = 0.25 0.02 0.05 0.01 10.7 25.9
Tb.Sp(mm) 0.53 * 0.04 0.57 = 0.1 ns 0.53 = 0.06 0.60 = 0.10 ns ns ns 4.5 13.2
SMI 0.56 = 0.40 0.94 + 0.40 0.02 096 + 0.37 1.22 + 0.42 ns 0.001 0.007 52.5 40.2
DA 1.49 + 0.21 1.53 + 0.26 ns 1.93 + 0.42 1.93 *= 0.45 ns ns 0.001 25.7 24.4

Unpaired t-tests (Wilcoxon test in case of non-normality) were used to determine

compare results between the PER and CENT locations.
Differences in percent of CENT relative to PER.

3. Results

The mean age was 80.6 + 7.0 for males with normal knees (normal
males) versus 79.6 + 12.9 years for males with OA knees (OA males),
and 85.7 *= 6.0 for normal females versus 86.2 *+ 8.3 years for OA
females; mean ages were not statistically different for both sexes.
Outerbridge grades were distributed as follows: for normal males, Grl
n =5,Gr2n = 9; for OA males, Gr2n = 2, Gr3n = 2, Gr4 n = 2; for
normal females, Gr 1 n = 11, Gr2 n = 6, Gr3 n = 2; for OA females,
Gr3n = 2 and Gr4 n = 5. Outerbridge grades (grades 3 and 4 in 85% of
cases) were significantly higher for OA than normal knees (grades 1 and
2 in 94% of cases) (p < 0.001). Meniscal grades were distributed as
follows: for normal males, Grl n = 9, Gr2n = 4, Gr3 n = 1; for OA
males, Gr2n = 1, Gr3 n = 2, Gr4 n = 3; for normal females, Gr 1
n = 12, Gr2 n = 7; for OA females, Gr2 n = 1, Gr3 n = 1 and Gr4
n = 5. Meniscal grades (grades 3 or 4 in 85% of cases) were sig-
nificantly higher for OA than normal knees (grade 1 or 2 in 97% of
cases) (p < 0.001).

Results for Cart_Th, SBP_Th and subchondral bone structure of the
uppermost 5 mm are detailed in Table 1.

In general, in OA knees BV/TV, Tb.N, and Tb.Th were numerically
higher and Cart_Th, Tb.Sp and SMI numerically lower than in normal
knees, independent of location and sex, however differences were
consistently significant for BV/TV and Tb.N only. Differences in
SBP_Th, DA and Tb.Sp (with one exception) between OA and normal
knees were not significant independent of location and sex.

The SMI results indicate a more plate-like trabecular bone structure
in OA than normal knees, but again, not all differences were significant.

In normal knees of both sexes, Cart_Th and SBP_Th were higher and
all five subchondral bone architecture parameters differed significantly
between the two locations, with higher trabecular bone volume,
thickness, and number and lower spacing, SMI and DA at the CENT than
PER location. Mean differences in subchondral bone architecture
parameters between PER and CENT locations showed similar trends in
normal and OA knees. However, differences were lower and not con-
sistently significant in OA knees (Table 1). In absolute terms the %
difference between central and peripheral locations was about halved
for BV/TV and Tb.Th in OA versus normal knees for both sexes (BV/TV:

group differences between OA and normal knees. Paired t-tests were used to

54.5% versus 33.2% in males; 61.4% versus 20.3% in females). Tb.Th:
29.6% versus 13.4% in males; 27.3% versus 10.1% in females. Results
for the other parameters were more disparate.

Because female donors were 5 to 6 years older than males, on
average, and loading conditions in males and females may differ, we
did not compare results between males and females. However, differ-
ences in trabecular architecture between OA and normal knees and
between PER and CENT locations showed the same trends in females
and males.

The depth dependence of the subchondral bone architecture para-
meters is shown in Fig. 3 for males and Fig. 4 for females. All para-
meters significantly differed (P = 0.04-10~*) between the subchondral
bone close to the joint (1-5 mm) and the other two depth ranges (6-10
and 11-15 mm), with no significant differences between the 6-10 and
11-15 mm depths. An illustration of normal and OA specimens is in
Fig. 2.

Results of trabecular bone structure at the two deeper locations are
shown in Table 2. Differences between OA and normal knees were no
longer significant at the CENT location (except Tb.Sp at 6-10 mm for
males). However, at the PER location, differences remained significant
for BV/TV and Tb.Th for both males and females at the 6-10 mm depth
and only for males at the 11-15 mm depth. Differences between CENT
and PER locations persisted for some parameters in normal but not OA
knees, except for female OA knees at 11-15 mm depth.

4. Discussion

In this study, we have extended our earlier investigation on the
protective effect of the meniscus on subchondral bone and cartilage in
elderly subjects without OA (Touraine et al., 2017) to subjects with OA.
In OA subjects a significantly higher deterioration of cartilage and
meniscus was observed, yet even a deteriorated meniscus retained some
protective effect against osteoarthritis-induced subchondral bone
changes. Earlier studies including our own have reported a protective
effect of the meniscus on subchondral bone (Touraine et al., 2017) in
subjects without OA and in a recent in vivo study in subjects with OA as
well (Sannmann et al., 2020) as a protective effect of the meniscus on
the hyaline cartilage in pigs (Iijima et al., 2014).
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Fig. 3. Individual values of morphological and topological trabecular bone parameters in males according to location in the tibial plateau: PER (covered by meniscus)
and CENT (not covered by meniscus) and by depth: 1-5, 6-10 and 11-15 mm. ANOVA or a Kruskall Wallis in italics (in case of non-normality).

In the current study, advanced grades of cartilage and meniscal
degeneration (grades 3 and 4) were associated with subchondral bone
sclerosis, defined as higher BV/TV, higher Tb.N, thicker trabeculae with
lower spacing and a more plate-like architecture. These new results
agree with recent data from specimens obtained after total knee re-
placement showing higher BV/TV, Tb.Th, and Tb.N and lower SMI in
specimens with high versus low OARSI grades (Finnild et al., 2017).
Another study included a biomechanical perspective by showing that
subchondral bone sclerosis was associated with subchondral bone stif-
fening in the presence of reduced matrix mechanical properties (Day
et al., 2004), however, the effect of the meniscus was not investigated.

In contrast, in our study biomechanical parameters were not included.

We performed a detailed mapping of the subchondral bone archi-
tecture based on 3D micro-CT imaging. Not surprisingly the differences
in subchondral bone structure between PER and CENT locations in
control knees reported in our earlier study (Touraine et al., 2017) were
confirmed as the investigated specimen largely overlapped. These dif-
ferences indicated a bone adaptation to an increase in contact stress in
the CENT location (Ahmed and Burke, 1983). As compared with normal
knees, OA knees showed significantly higher bone sclerosis at the PER
location, but the effect of OA was pronounced at the CENT location
uncovered by meniscus.
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For males and females, the differences between PER and CENT lo-
cations were two times higher in normal than in OA for BV/TV, Tb.Th
and only in females for Tb.N. Thus, despite higher damage of the me-
niscus, some protective effect on subchondral bone was still observed in
OA knees, in particular when comparing BV/TV and Tb.Th at the PER
and CENT locations, indicating a lower degree of sclerosis at the PER
location also in OA knees. Of course, OA is the dominant cause of bone
sclerosis and the meniscus does not protect from potential OA mala-
daptation but the protection of the meniscus against increased contact
stresses observed in normal knees is at least partly retained in OA.

This protective effect of the meniscus on subchondral bone is pre-
dominant at the uppermost 5-6 mm (Figs. 3 and 4), with a small impact
of the deeper areas of the trabecular bone. In the present study, we have
also observed mean differences between OA and controls in this region.
This finding suggests that the uppermost 5-6 mm subchondral bone
plays a major role in load absorption in OA. This tendency was already
observed in two histological studies and one micro-CT study (Matsui
et al., 1997; Bobinac et al., 2003; Patel et al., 2003). Moreover, the
ultimate strength of the proximal tibia abruptly decreased 5 mm below
the surface (Harada et al., 1988). A layer of 5 mm can be imaged in vivo
by using standard whole-body CT scanners (Lowitz et al., 2017).

In control knees, Cart_Th was about 20% thicker at the CENT than
the PER location. As expected, Cart_Th is reduced in OA, but differences
between OA and control knees were not always significant.
Interestingly, we did not observe a significant effect of OA on SBP_Th,
contrary to the classical description of thinning of SBP with increasing
porosity, which is typically observed as an early adaptation in animal
models of post-traumatic OA (Li et al., 2013).

In normal specimens, DA was higher at the PER than CENT site for
both males and females in the uppermost 5 mm. The same trend was
observed for OA specimens, but differences were not significant

probably because of the small sample size. Architectural anisotropy
characterizes the degree of directional organization of a material and is
of particular relevance to mechanics-architecture relations (Odgaard,
1997). Higher DA values indicate that the orientation more closely
parallels the main direction of the compression forces, with few trans-
verse trabeculae parallel to the cartilage surface. This orientation may
decrease the ability of the subchondral bone to transmit shear stresses
at the PER versus CENT site and may indicate a decrease in shear stress
from the surface to the depth, consistent with a more uniform trabe-
cular network composed mainly of vertical trabeculae. Interestingly
these results agree quite well with the FE-based bone anisotropic theory
proposed by Doblaré and Garcia (Doblaré and Garcia, 2001) for the
proximal femur. In the OA group, the differences between the PER and
CENT sites persisted also indicating the absence of more horizontal
trabeculae. Apparently, the position under the meniscus and not the
presence of OA is the main determinant of anisotropy.

The experimental conditions to study the bone microarchitecture
were optimized. The defatting of bone ensured very high image quality,
histograms were clearly biphasic, and we could use the same segmen-
tation threshold for all datasets. The bone micro-architectural para-
meters obtained by using similar conditions with desktop micro-CT
were close to those obtained by synchrotron radiation micro-CT
(Chappard et al., 2006). Also, according to earlier recommendations,
the voxel size of 10 pym was adequate for an accurate analysis of tra-
becular bone architecture (Peyrin et al., 1998).

The main limitation of our study was the small sample size, espe-
cially the number of OA knees, which may have affected significance,
however, despite this limitation the observation of a protective effect of
meniscus remains valid. Also, female donors were older than male
donors, which complicated a comparison between the sexes. We per-
formed a sex-specific analysis in our study because pooling data for the
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Fig. 4. Individual values of morphological and topological trabecular bone parameters in females according to location in the tibial plateau: PER (covered by
meniscus) and CENT (not covered by meniscus) and by depth: 1-5, 6-10 and 11-15 mm. ANOVA test or Kruskall Wallis in italics (in case of non-normality).

sexes would lead to misinterpretation. For example, in the VOIs located
in PER area within 5 mm below the chondro-osseous junction, the mean
BV/TV and Tb.Th were 23% and 0.16 mm, respectively, in both OA
females and normal males. In most histological studies, males and fe-
males were not analyzed separately (Matsui et al., 1997; Bobinac et al.,
2003; Finnil4 et al., 2017; Chen et al., 2017b).

Bone micro-structure is sex- but also age-specific (Lochmiiller et al.,
2008). In the present study, we did not find any correlation with age.
One may speculate that large variations in mechanical loading dom-
inate the age dependency, but we did not determine mechanical
loading. Also, the age range was relatively narrow. Indeed, the mean
age of adults was about 86 years for females and 80 years for males.

Therefore, our results cannot be completely extrapolated to a 50-year-
old population.

In our study ages were similar for both male and female OA and
normal specimens. In most studies, the age and sex ratio were not taken
into account. For example, in the Bobinac et al. study, the average age
of OA patients was 62 years, with a sex ratio of 7 females to 3 males and
the average age of control cadavers was 47 years, with a sex ratio of 3
females to 7 males.

Another limitation of the study was lack of information on prior
medications and injury status of cadavers, which could not be obtained
according to legal regulations and ethical issues. Moreover, we had no
information on knee alignment, although the distribution of the
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Fig. 4. (continued)

Table 2
mean * SD of subchondral trabecular bone micro-architecture measured at 6 to 10 mm and 11 to 15 mm beneath the subchondral plate, comparison between OA
subjects and controls and comparison between the CENT and PER positions.

Central position not covered (CENT) Peripheral position under meniscus (PER) Comparisons CENT/PER
OA Controls P value OA/controls OA Controls P value OA/controls P value OA P value controls
Males
6-10 mm n=6) n =14 (n=6) n =14
BV/TV(%) 224 £ 76 175 + 5.4 ns 222 * 8.2 156 = 3.5 ns ns ns
Tb.Th(mm) 0.19 = 0.02 0.17 = 0.03 ns 0.18 = 0.04 0.14 = 0.02 0.04 ns 0.003
Tb.N(1/mm) 1.16 += 0.27 0.98 + 0.17 ns 1.22 = 0.23 1.08 = 0.16 ns ns 0.03
Tb.Sp(mm) 0.63 * 0.12 0.73 * 0.07 0.02 0.60 + 0.06 0.64 *= 0.06 ns ns ns
SMI 1.15 = 0.27 1.25 + 0.33 ns 1.03 + 0.64 1.25 + 0.40 ns ns ns
2.37 = 0.27 2.67 = 0.45 2.63 = 0.52 2.74 = 0.64 ns
11-15 mm n=05) (n =14 (n=6) n =14
BV/TV(%) 209 * 8.4 18.4 + 4.7 ns 22.1 * 6.0 157 = 2.4 0.02 ns 0.03
Tb.Th(mm) 0.17 = 0.02 0.16 = 0.03 ns 0.17 = 0.03 0.14 = 0.02 0.01 ns 0.01
Tb.N(1/mm) 1.23 = 0.37 1.15 = 0.17 ns 1.27 = 0.20 1.15 = 0.14 ns ns ns
Tb.Sp(mm) 0.59 * 0.20 0.66 + 0.06 ns 0.55 + 0.08 0.55 * 0.13 ns ns 0.001
SMI 1.45 = 0.35 1.20 = 0.26 ns 1.41 + 0.44 1.51 * 0.49 ns ns ns
DA 3.04 = 0.51 297 += 0.49 ns 2.85 = 0.58 291 = 0.66 ns ns ns
Females
6-10 mm (n=7) (n =19) (n=7) (n =19)
BV/TV(%) 15.1 + 8.4 12.6 = 5.2 ns 159 = 54 125 + 4.6 0.02 ns ns
Tb.Th(mm) 0.15 * 0.03 0.14 + 0.02 ns 0.14 + 0.02 0.13 = 0.02 ns ns 0.005
Tb.N(1/mm) 0.93 = 0.31 0.85 = 0.23 ns 1.08 + 0.20 0.96 = 0.19 ns ns 0.003
Tb.Sp(mm) 0.72 = 0.12 0.79 * 0.15 ns 0.64 = 0.10 0.63 = 0.10 ns ns 0.008
SMI 1.38 + 0.41 1.41 = 0.47 ns 1.41 = 0.37 1.33 + 04 ns ns ns
DA 2.30 = 0.46 2.61 = 0.55 ns 2.51 = 0.45 2.70 = 0.85 ns ns nd
11-15 mm (n=7) (n =19) (n=7) (n=17)
BV/TV(%) 13.9 = 5.0 13.3 = 54 ns 149 + 54 145 = 75 ns ns ns
Tb.Th(mm) 0.15 + 0.03 0.14 += 0.02 ns 0.12 *= 0.02 0.13 = 0.03 ns 0.01 ns
Tb.N(1/mm) 0.90 = 0.16 0.95 = 0.29 ns 1.24 = 0.44 1.06 = 0.35 ns 0.04 ns
Tb.Sp(mm) 0.67 * 0.10 0.68 + 0.14 ns 0.46 = 0.20 0.62 = 0.15 ns 0.01 0.02
SMI 1.68 + 0.26 1.52 + 0.40 ns 1.78 + 0.39 1.56 + 0.37 ns ns ns
DA 2.49 += 0.43 2.94 = 0.62 ns 248 = 047 2.57 = 0.63 ns ns ns

Unpaired t-tests (Wilcoxon test in case of non-normality) were used to determine group differences between OA and normal knees. Paired t-tests were used to
compare results between the PER and CENT locations.
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subchondral bone superficial layers across the medial tibial plateau
depends on the varus degree (Roberts et al., 2017). We can expect a
maximum varus malaligment of 20°, as reported in a large Caucasian
cohort (Brouwer et al., 2007). In most studies, OA specimens were re-
trieved from patients who underwent total knee arthroplasty and had
endstage OA (Matsui et al., 1997; Bobinac et al., 2003; Roberts et al.,
2017). In our study, we had only a few endstage grade 4 cartilage de-
fects corresponding to late-stage OA: n = 2 males and n = 4 females.
Nevertheless, we found significant differences between normal and OA
knees. The lack of significant differences within the OA group can be
due in part to discrepancies between the KL classification and histo-
pathological grades. For the diagnosis of OA the KL classification was
used, which provided information on bone sclerosis, osteophytes and
bony deformation. As the KL score is less indicative for cartilage da-
mage, the Outerbridge classification was applied for a more pertinent
evaluation of cartilage state. Indeed, in two males of the OA group,
there was a discrepancy between KL classification (KL = 3) and Out-
erbridge classification Gr2; the joint space narrowing in these cases was
due to damaged menisci (Gr4). Indeed, meniscal impairment is known
to reduce the joint space (Fox et al., 2015). In two normal female knees
with KL = 0 and KL = 1, we found local cartilage defects, so the
Outerbridge classification was 3.

5. Conclusion

The effect of knee OA on subchondral bone microarchitecture is
location specific requiring a 3D imaging procedure. In normal knees the
meniscus has a protective effect on subchondral bone. In OA knees,
differences in subchondral bone structure decreased but persisted be-
tween locations under and not under the meniscus, which indicates a
tendency to dedifferentiation. Consequently, even in OA, degenerated
meniscus still retains some protective effects on subchondral bone, that
confirms the need to limit as much as possible the resection of the
medial meniscus in OA.
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