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ABSTRACT
Osteoarthritis (OA) is the most common joint disease, where articular cartilage degradation is often accompanied with sclerosis of the
subchondral bone. However, the association between OA and tissue mineralization at the nanostructural level is currently not understood. In particular, it is technically challenging to study calciﬁed cartilage, where relevant but poorly understood pathological processes such as tidemark multiplication and advancement occur. Here, we used state-of-the-art microfocus small-angle X-ray
scattering with a 5-μm spatial resolution to determine the size and organization of the mineral crystals at the nanostructural level
in human subchondral bone and calciﬁed cartilage. Specimens with a wide spectrum of OA severities were acquired from both
medial and lateral compartments of medial compartment knee OA patients (n = 15) and cadaver knees (n = 10). Opposing the common notion, we found that calciﬁed cartilage has thicker and more mutually aligned mineral crystals than adjoining bone. In addition,
we, for the ﬁrst time, identiﬁed a well-deﬁned layer of calciﬁed cartilage associated with pathological tidemark multiplication, containing 0.32 nm thicker crystals compared to the rest of calciﬁed cartilage. Finally, we found 0.2 nm thicker mineral crystals in both
tissues of the lateral compartment in OA compared with healthy knees, indicating a loading-related disease process because the lateral compartment is typically less loaded in medial compartment knee OA. In summary, we report novel changes in mineral crystal
thickness during OA. Our data suggest that unloading in the knee might be involved with the growth of mineral crystals, which is
especially evident in the calciﬁed cartilage. © 2022 The Authors. Journal of Bone and Mineral Research published by Wiley Periodicals
LLC on behalf of American Society for Bone and Mineral Research (ASBMR).
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Introduction

I

n large joints, rigid bone provides a structural foundation for
smooth articular cartilage that enables almost frictionless

movement. The most important constituents of articular cartilage are proteoglycans and collagens, mainly of type II. Charged
proteoglycans attract ions, which generate osmotic pressure and
thus, have a crucial role in maintaining the dynamic compressive
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properties of cartilage.(1,2) Fibrillar collagen is organized in a pattern also known as “Benninghoff arcades” and it provides tensile
strength for the cartilage.(3) These properties allow cartilage to
dissipate as well as distribute various types of loadings evenly
on underlying mineralized tissues.(4,5) The subchondral bone is
composed of type I collagen ﬁbrils embedded with hydroxyapatite crystals, contributing to the toughness and stiffness of the
tissue.(6-8) The subchondral bone should be rigid enough to
transfer mechanical load but elastic enough to reduce high
stress in articular cartilage.(9) Furthermore, bone is a metabolically active tissue that can adapt to mechanical loading, and it
has been identiﬁed as a viable target tissue for pharmaceutical
therapies.(10)
Calciﬁed cartilage forms an interface between the subchondral
bone and articular cartilage. A thin basophilic line in histological
sections is known as tidemark, which forms the interface between
the articular cartilage and calciﬁed cartilage.(11) There is another
highly mineralized interface between calciﬁed cartilage and subchondral bone called the cement line.(12) Calciﬁed cartilage resembles both tissues by consisting of a cartilage-like organic matrix with
proteoglycans embedded in a type II collagen network, which is
mineralized as the bone tissue.(13,14) However, calciﬁed cartilage
has been reported to have a higher degree of mineralization than
subchondral bone,(15) whereas its stiffness has been estimated to
fall between articular cartilage and underlying subchondral
bone.(16) Accordingly, it has been suggested that calciﬁed cartilage
provides an intermediate stiffness, reducing the mismatch of the
stiffness modulus between hyaline cartilage and bone.(16,17) On
the other hand, at the tissue level, when using nanoindentation,
the calciﬁed cartilage and underlying bone were found to have similar mechanical stiffness.(12,18,19) These studies have also measured
mineralization and reported that the mineralization–modulus relation in calciﬁed cartilage and subchondral bone are different, where
more mineral is needed in calciﬁed cartilage to achieve the same
stiffness and hardness level as underlying bone.(12)
Osteoarthritis (OA) is a degenerative disease that targets most
joint tissues. Osteochondral tissues have hierarchical structures
that change over multiple length scales. In articular cartilage, early
disease processes involve chondrocyte apoptosis/proliferation and
surface ﬁbrillation/edema, which develops to surface discontinuity
accompanied by proteoglycan loss. In moderate OA, vertical ﬁssures appear in the articular cartilage followed by cartilage matrix
erosion with more evident proteoglycan loss and possibly some
collagen formation.(20) Subchondral bone sclerosis is a known hallmark of OA. We have suggested that the thickening of bone structures is a synchronous process with cartilage degeneration during
OA progression.(21)
The calciﬁed cartilage undergoes structural modiﬁcations during
OA. Perhaps the most evident of the changes is described as
the tidemark multiplication,(22,23) which has been linked to the
advancement of calciﬁed cartilage toward the articular cartilage.(23-25) However, several studies have reported that the roughness of tidemark is also linked with OA severity.(26-28) The topmost
tidemark deﬁnes the calciﬁcation front presenting tidemark multiplication, which increases the thickness of calciﬁed cartilage. However, two processes could also make calciﬁed cartilage thinner.
First, a process similar to endochondral ossiﬁcation, where deep calciﬁed cartilage is replaced by bone,(29,30) increases the subchondral
bone thickness, and thins the calciﬁed cartilage.(31) Second, erosion
continues on the mineralized surfaces once all cartilage has been
removed with denudation with severe OA.(20) Considering all of
the structure modifying processes it is logical that the thickest calciﬁed cartilage has been observed with moderate OA.(21,32,33)
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Microstructural changes in subchondral bone and calciﬁed cartilage contribute to sclerosis (stiffening) of the structures beneath
the articular cartilage. Furthermore, the mineralization level modulates the stiffness of subchondral tissues.(19) Mineral crystal thickness has been reported to increase with age in rabbit bone,(34)
as well as with the tensile modulus and strength of the collagen hydroxyapatite interfaces.(35) However, the nanostructural
changes in bone and calciﬁed cartilage that are associated with
OA are inadequately understood. Therefore, we aimed to quantify
the nanostructural organization (ie, mineral crystal thickness,
degree of orientation, and predominant orientation) by employing
state-of-the-art microfocus small-angle X-ray scattering (μSAXS) in
calciﬁed cartilage and subchondral bone, and to compare the
nanostructural organization between end-stage knees of OA
patients and healthy knees of deceased donors. We hypothesized
that mineral crystals are thicker in calciﬁed cartilage than subchondral bone and that the mineral crystal thickness increases in OA, in
both calciﬁed cartilage and subchondral bone.

Materials and Methods
Tissue sample preparation
The osteochondral samples of both OA patients and deceased
donors have been sourced from the MENIX biobank, a local biobank
at Skåne University Hospital, Region Skåne, Sweden (principal investigator: ME). The osteochondral samples from load-bearing areas of
medial and lateral femoral condyles (Fig. 1A) were obtained from 15
patients (eight women, seven men) with end-stage medial compartment knee OA, who underwent total knee replacement (TKR)
at Trelleborg Hospital, Sweden (descriptive data: Table S1).
Obtained femoral condyles were frozen at 80 C within 2 hours
of extraction and delivered on dry ice to the biobank for further storage at 80 C. During the TKR surgery, the surgeon’s Outerbridge
classiﬁcation(36) of the knee joint cartilage was required to be a
grade IV in the medial compartment and grade 0 or I in the lateral
compartment for the patient to be classiﬁed to have medial
compartment OA.
In addition, the osteochondral samples from load-bearing
areas of medial and lateral femoral condyles were collected from
10 deceased human donors (ﬁve women, ﬁve men). No known
diagnosis of knee OA or rheumatoid arthritis was allowed for
the donors who were included in this study. The femoral condyles were obtained within 48 hours postmortem and frozen at
80 C within 2 hours of extraction. The age range of donors
was greater than TKR patients (descriptive data: Table S1). The
heights of patients and donors were similar in both sexes. The
osteochondral sample set was divided into four groups that will
henceforth be referred to as (i) MedialTKR (n = 15), (ii) LateralTKR
(n = 15), (iii) MedialDonor (n = 10), and (iv) LateralDonor (n = 10).
This study was approved by the regional ethical review board
(Lund University; Dnr 2015/39 and Dnr 2016/865).
On the sample preparation day, the medial and lateral femoral
condyles from both TKR and donor samples were thawed and further trimmed into a diameter of 5 mm with a trephine drill or a
low-speed diamond saw, respectively. The samples were ﬁxed in
4% saline-buffered formaldehyde for 7 days at 4 C and then in
70% ethanol for 24 hours. The sample processing continued with
dehydration in ascending ethanol concentrations (80%, 95%,
100%, 100%), each step lasting for at least 6 hours. After dehydration, the samples were embedded in polymethylmethacrylate
(PMMA). To deactivate the monomer, methyl methacrylate
(MMA) was ﬁltered through a column ﬁlled with aluminum oxide.
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Fig. 1. Schematic representation of osteochondral sample collection and μSAXS measurement of healthy and osteoarthritic knee joints. (A) Osteochondral plugs were collected from both lateral and medial femoral condyles. (B) Schematic cross-sectional representation of samples taken from healthy and
osteoarthritic knee joints. The white dotted line represents the 500 μm wide μSAXS measurement area extending from the deep articular cartilage to the
subchondral bone (500–1000 μm).

The samples were inﬁltrated ﬁrst with MMA in a solution containing deactivated MMA, 1.4 (vol%) nonylphenyl-polyethylene glycol
acetate, and 5.5 μg/mL Benzoyl peroxide at 4 C for 24 hours, after
which the solution was replaced with a fresh one. In the ﬁnal step,
the container with the previous solution was ﬁlled with an additional 5 μL/mL of N,N-Dimethyl-p-toluidine for plastiﬁcation. The
plastiﬁcation was completed in the following 24 hours at 4 C.

Histological analyses
A histopathological evaluation of the osteochondral samples
was performed according to the Osteoarthritis Research Society
International (OARSI) grading system.(20) The histopathological
evaluation solely focuses on changes of the articular cartilage
from mild to advanced OA, and subchondral bone modiﬁcations
are only accounted for in the ﬁnal grades.(20) Because most of the
histopathological evaluation accounts for only articular cartilage
modiﬁcations, it can be considered as the golden standard for
cartilage degeneration. Six histological sections (3-μm-thick)
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were cut from the PMMA blocks with a microtome (Leica Polycut
S Microtome; Leica, Lucia, Germany) followed by Safranin-O or
Goldner trichrome staining. The stained sections were used for
the OARSI grading and counting the number of tidemarks,
respectively. The number of tidemarks reﬂects the tidemark
advancement, a process in which calciﬁed cartilage extends into
articular cartilage.(20) The OARSI grading was ﬁrst conducted
independently by two readers (MAJF, IH; interobserver reliability:
intraclass correlation coefﬁcient (ICC) 0.85 (95% conﬁdence interval [CI], 0.69–0.93) for medial osteochondral samples and ICC
0.79 (95% CI, 0.58–0.90) for lateral osteochondral samples], and
their consensus grade was given as a ﬁnal grade for each sample.

SAXS
SAXS measurements were conducted at the state-of-the-art cSAXS
(X12SA Coherent Small-Angle X-ray Scattering beamline at the
Swiss Light Source; Paul Scherrer Institute, Villigen, Switzerland).
From the PMMA blocks, 5-μm-thick osteochondral sections were
Journal of Bone and Mineral Research

cut adjacent to the histological sections using a microtome (Leica
Polycut S Microtome) and ﬁxed on Kapton tape. Photon energy
was set to 12.4 keV and the beam at the sample position was
focused to 5  5 μm2. SAXS patterns were recorded with a Pilatus
2 M detector(37) placed 7.1 m from the sample and using 30 ms
exposure time per point. A 500-μm-wide area (Fig. 1B) extending
from the tidemark to the bone marrow (500–1000 μm) was
scanned with a 5-μm step size in a continuous line-scan mode.
Recorded scattering patterns were azimuthally integrated to
obtain the intensity I as a function of scattering vector q, I(q) scattering curves.(38) The mineral crystal thickness at each point was
evaluated from the I(q) scattering curves by using weighted iterative curve ﬁttings at the q-range of 0.32–1.40 nm 1.(39) In the ﬁtted
model, developed by Bünger and colleagues,(40) the dimensions of
mineral crystal are assumed such that the scattering takes place
from the mineral plates with ﬁnite thickness and inﬁnite size in
two other dimensions (length and width). The ﬁtting and analysis
of the mineral crystal thickness was identical as described by Turunen and colleagues(39) and the analysis method is based on what
was described earlier by Bünger and colleagues.(40) In brief, the
ﬁnal expression of the total scattering intensity used of the ﬁtted
model is: I(q) = Peff(q) + B; here, Peff is the effective plate
scattering, and B is the background term that is added to the ﬁt.
The degree of orientation is an indicator of the number of
aligned crystals in ratio to the illuminated sample volume and
describes information about the mineral quality. The degree of orientation was obtained by ﬁtting Gaussian curves to the two symmetrical peaks of the azimuthal dependence I(Ψ) and expressed
as the ratio between the anisotropic scattering (area under the
two Gaussian curves) and the total scattering within the illuminated sample region (area under the Gaussian curves with the constant background).(41) This ratio does not have a unit (arbitrary unit
[a.u.]) and it is expressed as a value that varies between 0 and
1, where 0 represents a random mutual alignment and 1 represents
a perfect alignment of the mineral crystals. Similarly, the predominant orientation of the crystals was estimated from the azimuthal
dependence of SAXS signals. Because the positions (angles) of
those two symmetrical peaks directly provides the predominant
orientation of the mineral crystals rotated by 90 degrees,(42) the
predominant orientation of the crystals was calculated by adding
90 degrees to the positions of Gaussian curves and expressed as
a value between 0 degrees and 180 degrees.
Calciﬁed cartilage and subchondral bone were identiﬁed by
using unsupervised K-means clustering of the ﬁtted I(q) curves.
The cluster results were veriﬁed by comparing the cluster image
to the histological images of the adjacent sections and cSAXS visualizations combining the predominant orientation and the asymmetric intensity at the q-range of 0.024–0.441 nm 1 (Figs. S1 and
S2). Typically, eight clusters provided meaningful segmentation,
but if the reference images indicated incorrect tissue identiﬁcation,
then the number of clusters was iteratively increased until accurate
identiﬁcation was achieved or a maximum number of 20 clusters
was reached. All analysis steps of SAXS signals including the cluster
analysis were carried out using in-house Matlab code (R2019a;
MathWorks Inc., Natick, MA, USA) and the cSAXS Matlab package.(38)

Statistical analyses
For all statistical analyses, the tissue-speciﬁc mean values of
SAXS parameters (ie, mineral crystal thickness and the degree
of orientation) were derived from each sample. The betweengroup differences of SAXS parameters were estimated using linear mixed-effects models where the individual was included as a
Journal of Bone and Mineral Research

random effect. The patient status (ie, donor or TKR), the compartment (ie, medial or lateral), and their interactions were included
in the model. Additionally, the models were adjusted for patient
age and body mass index (BMI), they were included as continuous independent variables in the regression model. Due to the
small sample size, Kenward and Roger’s method was used for
estimating the number of degrees of freedom. Moreover, similar
linear mixed-effects models were used to estimate the differences in the SAXS parameters between the tissue types (ie, calciﬁed cartilage and subchondral bone), as well as between two
different layers of calciﬁed cartilage. When calculating the difference between the tissue types, the patient status, compartment,
tissue types, and their interactions were included as ﬁxed effects,
whereas the individual and compartment (compartments nested
in individuals) were set as random effects. In the analysis of calciﬁed cartilage layers, the patient status was not included since
only three donor samples had multiple tidemarks. Thus, the compartment, layer, and their interaction were included as ﬁxed
effects in the analysis of calciﬁed cartilage layers. The estimates

Fig. 2. Histopathological assessment of the osteochondral samples. (A)
Box plot with jitter showing the OARSI grades (with subgrades) in the lateral and medial condyles of cadaveric donors and total knee replacement
(TKR) patients. Each grade represents the following key feature. Grade 0:
Fully intact cartilage; grade 1: Intact surface with cellular changes and/or
edema; grade 2: Surface discontinuity; grade 3: Vertical ﬁssures; grade 4:
Cartilage erosion; grade 5: Denudation (articular cartilage matrix loss to
calciﬁed cartilage); and grade 6: Deformation. (B) Box plot with a pairwise
comparison showing the number of tidemarks, which were counted from
the histopathological images. There was complete erosion of calciﬁed
cartilage in three samples from the MedialTKR group and these patients
were excluded from the pairwise comparison.
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Fig. 3. Tissue segmentation from 2D μSAXS images. Step 1: The mineral crystal thickness maps were binarized using an absolute threshold on scattering
intensity. Step 2: K-means cluster analysis of the I(q) scattering curves. Step 3: Eight clusters were found to be optimal for most of the samples when comparing the cluster images to the cSAXS visualizations of crystal orientation and asymmetric intensity. The cluster assignments were further conﬁrmed by
comparing the cluster images to the histopathological images of adjacent sections. Step 4: Final tissue-speciﬁc binary masks for CC and SB were generated
after de-speckling. CC = calciﬁed cartilage; SB = subchondral bone.

Table 1. SAXS Parameters From the Superior and Inferior Layers of Calciﬁed Cartilage in Samples With Multiple Tidemarks
(15 Osteochondral Samples From the Lateral Compartment and 8 From the Medial Compartment)
Mineral crystal thickness (nm)
Compartment location
Lateral (n = 15)
Medial (n = 8)

Superior CC

Inferior CC

Difference (95% CI)

p

3.64 (0.28)
3.36 (0.26)

3.27 (0.16)
3.13 (0.09)

0.36 (0.24–0.49)
0.23 (0.06–0.40)

<0.001
0.01

0.02 (0.02–0.03)
0.01 (0.00–0.02)

<0.001
0.06

Degree of orientation (a.u.)
Lateral
Medial

0.65 (0.03)
0.64 (0.02)

0.63 (0.03)
0.63 (0.03)

Results are displayed as means (standard deviations) of the SAXS parameters from the superior and inferior calciﬁed cartilage layers along with the difference (with 95% conﬁdence interval and p value) between them, in both medial and lateral compartments, respectively.
CC = calciﬁed cartilage.

are presented with a 95% CI. Because the predominant orientation of mineral crystal is heavily dependent on bone structures
being included in the measurement region, no statistical analysis
of the predominant orientation information was performed;
rather only their distribution across the calciﬁed cartilage and
subchondral bone were presented. All statistical analyses were
performed using Stata version 17 software (STATA Corp., College
Station, TX, USA).
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Results
Histopathological severity of OA and tidemark multiplication
In the cadaveric donors, we observed relatively healthy cartilage
with intact surface or focal ﬁbrillation through the superﬁcial zone
(Fig. 2A). Five donor samples showed features of mild OA; vertical
ﬁssures and even cartilage matrix losses were present. All samples
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Table 2. SAXS Parameters From the Calciﬁed Cartilage and Subchondral Bone Along With the Difference (With 95% Conﬁdence Interval
and p Value) Between them, in Both Medial and Lateral Compartments of Cadaveric Donors (Donor) and TKR Patients
Mineral crystal thickness (nm)
Group
Donor

Lateral
MedialDonor
LateralTKR
MedialTKR

Calciﬁed cartilage

Subchondral bone

Difference (95% CI)

p

3.15 (0.17)
3.19 (0.19)
3.41 (0.16)
3.25 (0.10)

3.01 (0.21)
2.97 (0.16)
3.19 (0.19)
3.03 (0.12)

0.14 (0.04–0.23)
0.19 (0.10–0.29)
0.26 (0.19–0.34)
0.22 (0.14–0.31)

0.01
<0.001
<0.001
<0.001

0.03 (0.01–0.04)
0.04 (0.03–0.06)
0.04 (0.02–0.05)
0.03 (0.02–0.05)

<0.01
<0.001
<0.001
<0.001

Degree of orientation (a.u.)
Donor

Lateral
MedialDonor
LateralTKR
MedialTKR

0.64 (0.03)
0.65 (0.02)
0.63 (0.03)
0.62 (0.05)

0.61 (0.02)
0.60 (0.01)
0.60 (0.01)
0.59 (0.02)

Values are means (standard deviations).
TKR = total knee replacement.

from the MedialTKR group had a loss of cartilage matrix and in
some cases, there were also erosions of calciﬁed cartilage. The
OARSI grade distribution in the lateral compartment of TKR
patients resembled the grade distribution in the medial side of
the cadaveric donors (Fig. 2A). Moreover, we observed higher
tidemark counts in TKR patients compared to the donors. However, we could not identify any clear pattern for tidemark multiplication between the medial and lateral compartments (Fig. 2B).

SAXS analysis of mineral crystals in the osteochondral
junction
Calciﬁed cartilage and subchondral bone were segmented based
on the ﬁtted I(q) scattering curves by utilizing unsupervised
K-means clustering (Fig. 3). This allowed for spatially resolving
the SAXS parameters (ie, mineral crystal thickness, the degree of
orientation, and predominant orientation) separately for calciﬁed
cartilage and subchondral bone (Figs. S3–S8). Furthermore, we
observed that the uppermost cluster(s) in calciﬁed cartilage was
co-localized with a layer between two topmost tidemarks in the
calciﬁed cartilage (Fig. S9). Hence, based on the cluster analysis,
we further segmented the calciﬁed cartilage into two layers (ie,
superior and inferior). Although the superior calciﬁed cartilage
layer is separated by the two topmost tidemarks, the inferior layer
is the rest of the calciﬁed cartilage below the second-to-top tidemark. Interestingly, the mineral crystals in the superior layer
appear to be thicker and more mutually aligned compared to
the inferior layer of the calciﬁed cartilage (Table 1, Fig. 4).

Mineral crystal thicknesses and degree of orientation in
cadaveric donors and total knee replacement patients

Fig. 4. SAXS parameters in the two layers of CC of the samples with tidemark multiplication. Box plots showing the pairwise comparison of the
mineral crystal thickness and degree of orientation between the superior
and inferior layers of calciﬁed cartilage in the osteochondral samples
with multiple tidemarks, from both lateral (15 samples) and medial
(8 samples) compartments, respectively. CC = calciﬁed cartilage.

Mineral crystal thicknesses in the subchondral bone were
around 3.0 nm in MedialTKR, MedialDonor, and LateralDonor groups;
whereas, the LateralTKR group had 3.19-nm-thick crystals on average (Table 2). In all groups, the mineral crystal thicknesses in
calciﬁed cartilage were higher compared to those in the subchondral bone (Table 2). Moreover, the degree of orientation in
calciﬁed cartilage was higher in all groups (4.8% in MedialTKR,
6.2% in MedialDonor, 6.3% in LateralTKR, and 4.7% in LateralDonor
group) compared to the adjacent bone (Table 2). Furthermore,
the distributions of the predominant orientation in the calciﬁed
cartilage show that the long axis (c-axis) of mineral crystals was

almost aligned with collagen ﬁbrils (Figs. S1, S2, S7, and S8).
Similarly, the predominant orientation of mineral crystals in the
subchondral bone followed the alignment of collagen ﬁbrils,
even around the osteons and trabeculae (Figs. S1, S2, S7, and S8).
In the subchondral bone, the difference between LateralTKR
and MedialTKR was 0.17 nm (95% CI, 0.03–0.31), and between
Lateraldonor and LateralTKR 0.17 nm (95% CI, 0.08–0.26). However,
this difference diminishes after adjusting for age (Fig. 5). The
mineral crystal thickness in calciﬁed cartilage was the highest
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Fig. 5. Compartment-speciﬁc comparison of the mineral crystal thickness between cadaveric donors (donor) and TKR patients. Differences in mineral
crystal thickness are displayed with a 95% conﬁdence interval and p value in the calciﬁed cartilage and the subchondral bone, respectively. The model
was adjusted for age, and then for age and BMI. The comparison between medial and lateral compartments from the same knee is adjusted for all
individual- and knee-level confounding through the design and use of a mixed-effects model. TKR = total knee replacement.

Fig. 6. Compartment-speciﬁc comparison of the degree of orientation of mineral crystals in the calciﬁed cartilage and the subchondral bone between
cadaveric donors (donor) and TKR patients. Differences in the degree of orientation are displayed with a 95% conﬁdence interval and p value. The
mixed-effects model was adjusted for age, and then for age and BMI. TKR = total knee replacement.

in the LateralTKR group and the difference after adjusting for age
and BMI remained at 0.2 nm (95% CI, 0.10–0.29) and 0.23 nm
(95% CI, 0.11–0.35) when compared to MedialTKR or Lateraldonor,
respectively (Fig. 5).
Finally, in calciﬁed cartilage, we found that the MedialTKR
group tended to have a 0.03 (95% CI, 0.06 to 0.01) smaller

n 1706
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degree of orientation (a.u.) compared to the MedialDonor group
(Fig. 6). However, in the LateralTKR and LateralDonor groups, the
degree of orientation in calciﬁed cartilage was similar. Furthermore, the degree of orientation in subchondral bone also
remained unchanged in TKR patients in both medial and lateral
compartments compared to donors (Fig. 6).
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Discussion
In this study, we spatially mapped the mineral crystal thickness,
degree of orientation, and predominant orientation of mineral
crystals across the osteochondral junction in healthy and osteoarthritic human knees using state-of-the-art μSAXS. There were
three major ﬁndings in our study: (i) we found that the mineral
crystals are thicker and more aligned in calciﬁed cartilage than
in subchondral bone; (ii) we identiﬁed that the mineral crystal
thickness and the degree of orientation are higher in the superior layer than in the inferior layer of calciﬁed cartilage. This superior layer of the calciﬁed cartilage is associated with pathological
tidemark multiplication; and (iii) we observed the thickest
mineral crystals in both osteochondral tissues in the lateral
compartment of TKR patients with medial compartment OA.
The orientation and morphology of the mineral crystals have
major implications for mechanical behavior by controlling
anisotropy and hardness.(43,44) Modern evidence using a combination of three-dimensional (3D) electron tomography and twodimensional (2D) electron microscopy suggests a fractal-like
hierarchical bone architecture, where needle-shaped mineral
crystals merge laterally to form platelets that organize into stacks
of roughly parallel platelets (thickness 5 nm) bridging multiple
collagen units.(45) The thickness of the mineral crystal is commonly assumed to be regulated by the structure of the organic
matrix(46) and by noncollagenous proteins.(47) Given the fact that
the calciﬁed cartilage and subchondral bone have different
organic matrices, it is crucial to study the nanostructural organization of these tissues, individually in health and disease. However, owing to limitations in the spatial resolution or contrast of
current nondestructive techniques, possible OA-related changes
in the nanostructural organization of these osteochondral tissues
have not been studied until now.
Zizak and colleagues(48) have reported that the calciﬁed cartilage possesses a similar mineral crystal size, shape, and orientation to that of underlying bone. In contrast, we report thicker
mineral crystals in the calciﬁed cartilage compared to the subchondral bone. This ﬁnding is aligned with our previous investigation of the human osteochondral junction by using Raman
microspectroscopy, where a higher degree of mineralization
and more stoichiometric perfect crystal lattice was found in the
calciﬁed cartilage compared to the cortical subchondral bone.(15)
Accordingly, we propose that the thicker mineral crystal might
be related to the fewer nonstoichiometric substitutions of
carbonate for phosphate ions in the crystal lattice of calciﬁed cartilage compared to the bone. The substitutions of carbonate in
the apatite crystal lattice are reported to decrease mineral crystallinity, as well as cause contraction of the a-axis and expansion
of the c-axis dimensions of the unit cell.(49,50) The orientation of
the mineral crystals is aligned with the collagen ﬁber orientation,
in both calciﬁed cartilage and subchondral bone. However, on
average, the degree of orientation of calciﬁed cartilage is higher
than in subchondral bone. This might be due to the highly
aligned collagen matrix in the calciﬁed cartilage, whereas in subchondral bone collagen ﬁbrils follow lamellar structure.
It has been proposed that the mineral crystal thickness and
alignment in osteochondral tissues might be governed by
organic matrix and noncollagenous proteins.(48) Indeed, one of
the possible explanations for differences in mineral crystal
growth could be the differences in the organic matrices of calciﬁed cartilage and subchondral bone. The organic matrix of cartilage has a higher amount of extraﬁbrillar space ﬁlled with water
than that of bone. Water makes up about 10% to 20% of the
Journal of Bone and Mineral Research

volume of cortical bone and can drop to as low as 5% with
increasing age,(51) whereas water composes about 60% to 85%
of normal adult cartilage.(52) This availability of extraﬁbrillar space
might allow the growth of thicker crystals in the calciﬁed cartilage
than in the adjacent bone. In addition, pyrophosphate is a potent
inhibitor of mineral formation, which inhibits crystal growth.(53,54)
Important regulators for the pyrophosphate in calciﬁed cartilage
and subchondral bone include tissue nonspeciﬁc alkaline phosphatase (TNAP), plasma cell membrane glycoprotein-1 (PC-1/
NPP1), and the Ankylosis protein (Ank).(53,54) TNAP hydrolyzes
pyrophosphate and is an important inducer of mineralization.(55)
On the other hand, the concentration of the extracellular pyrophosphate increases due to the accelerated activities of NPP1
and Ank.(53) There is further evidence that NPP1 expression would
decline with OA.(56)
Second, we identiﬁed thicker and more aligned mineral crystals in the superior layer of calciﬁed cartilage. Fawns and
Landell,(57) in 1953, were among the ﬁrst to describe “tidemark”
as the most recent calciﬁed border of calciﬁed cartilage, using
histological staining. The presence of two or more tidemarks
(tidemark multiplication) is a sign of advancement of calciﬁed
cartilage into articular cartilage, which is not exclusive to osteoarthritic joints; this may also occur with aging,(58) change in loading
states,(59) and exercise.(60) The noncontinuous but periodic process of upward mineralization of articular cartilage, indicated
by tidemark multiplication, was demonstrated in the femoral
heads of mature rabbits already in 1971 by Lemperg(61) and in
osteoarthritic human joints by Green and colleagues.(62) There
appears to be a similar endochondral ossiﬁcation process in
the calciﬁed cartilage that occurs in long bones during
growth.(63,64) In this ossiﬁcation process, chondrocytes near the
tidemark are shown to have a hypertrophic phenotype, express
type X collagen,(65) and become mineralized. Poorly crystalline
calcium inorganic orthophosphate nanocrystals are deposited
around the chondrocytes in the organic matrix of the cartilage
promoting the advancement of calciﬁed cartilage.(66) It is traditionally accepted that the endochondral ossiﬁcation process for
skeletal development and fracture repair involves the apoptosis
of those hypertrophic chondrocytes followed by the vascular
invasion of mesenchymal stem cells. A similar process most likely
occurs in calciﬁed cartilage, because vascular invasion and pore/
channel formation through calciﬁed cartilage have been
observed in OA. Furthermore, chondrocyte-to-osteoblast transdifferentiation has been reported in calciﬁed cartilage and could
promote ossiﬁcation along with the canonical pathway of endochondral ossiﬁcation.(67-69) However, the role of chondrocyte
transdifferentiation in OA-related bone deposition should be further investigated. Previous studies have reported a higher level
of mineralization near tidemark than in the region of calciﬁed
cartilage near the bone with quantitative backscattered electron
imaging.(12,18) In the present study, there were more tidemarks in
TKR patients compared to donors (Fig. 2). Using cluster analysis,
in the samples with multiple tidemarks, we related the uppermost cluster to the layer of calciﬁed cartilage separated by two
topmost tidemarks. We propose that this layer (ie, the superior
layer of the calciﬁed cartilage) is indicative of the most recently
mineralized layer of calciﬁed cartilage due to ossiﬁcation.
Remarkably, we observed the thickest mineral crystal in this
superior calciﬁed cartilage layer (Fig. 4). This could not be
observed in our previous Raman study(15) and to our knowledge,
this has not been reported before in the literature. This may indicate that during the tidemark advancement the mineral crystals
have greater thickness after deposition, and they restructure to
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thinner mineral plates with maturation. Eventually, the calciﬁed
cartilage substance is removed by osteoclasts (carried by capillaries) and then replaced by bone substance synthesized by osteoblasts during new bone formation.(66)
Finally, the present study allows a detailed spatial comparison
of nanostructural organization and OA severity assessed with
histopathology. We compared both lateral and medial compartments of the femoral osteochondral junction from TKR patients
with end-stage medial compartment knee OA and deceased
donors without known OA. We found that the lateral compartment of the TKR patients has the thickest mineral crystals in both
subchondral bone and calciﬁed cartilage (Fig. 5). Importantly,
these changes occur in the osteochondral mineralized tissues
of the lateral compartment, whereas the greatest cartilage
degeneration (as indicated by histopathological assessment)
occurs in the medial compartment. Thus, the difference between
TKR patients and donors found in mineral crystal thickness in the
lateral compartment’s calciﬁed cartilage indicates that mineralization is an independent process compared to cartilage degeneration, at least in our particular sample set. This is further
supported by the fact that mineral crystal thickness is higher in
calciﬁed cartilage in the LateralTKR compared to LateralDonor even
after adjusting for age and BMI. In subchondral bone, age
adjustment reduces the difference in group-wise comparison.
Because the TKR patients had end-stage knee OA on the
medial compartment, we expected to ﬁnd changes in mineral
crystal thickness in this compartment. Surprisingly, we observed
increased mineral crystal thickness in the lateral compartment,
with apparently “healthy” cartilage. In individuals with a healthy
knee joint, during the gait cycle in normal walking, the load distribution is not equal between the medial and lateral tibiofemoral compartments and the medial compartment exhibits
higher loads.(70,71) The medial shift of the load-bearing axis due
to varus alignment further increases loading across the medial
compartment.(71,72) It has been reported that the absolute load
(normalized to body weight) is increased in OA and due to mediolateral loading distribution, a relatively high proportion of the
load is subjected over the medial compartment.(73) In the same
study, one-half of the subjects with medial compartment knee
OA demonstrated unloading of the lateral compartment in mid
to late stance.(73) An increase in joint loading and cartilage stress
are commonly considered to be related to bone architecture
alteration and cartilage degeneration, respectively.(64) Previous
studies showed that abnormal loads may start a remodeling
response in bone(74,75) and induce changes in composition and
mechanical properties in cartilage,(76) respectively. Thus, the
increased mineral crystal thickness in the lateral compartment
could be related to biomechanics. This is further supported by
a study from O’Connor who reported increased mineral apposition and tidemark advancement after experimental unweighting
of hind limbs in rats.(59)
There are a few limitations in the current study. First, we do
not have a perfect overlap in the subject age between donor
and TKR groups; the age of the donor group ranges from 18 to
77 years whereas the TKR patients range from 50 to 79 years.
This needs to be considered carefully during the interpretation
of ﬁndings, despite the fact we have reported both age and
BMI-adjusted ﬁndings. Second, we have used the same curve ﬁtting model to determine the mineral crystal thickness for both
subchondral bone and calciﬁed cartilage. Hence, the adjustable
parameters like the width of the crystallite thickness distribution,
the random phase approximation value, and the effective structure factor were assumed to be the same for both tissues.(39,40)
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However, even with these limitations, this study represents a
state-of-the-art application of μSAXS in investigating the nanostructural organization across the osteochondral junction using a
full range of histopathological OA severities. The classiﬁcation of
the scattering curves of the calciﬁed cartilage and the subchondral bone using an unsupervised clustering approach further
extends the strength of the study.
In summary, we observed increased mineral crystal thickness
in calciﬁed cartilage and subchondral bone of the unloaded
compartment in the patients with the medial compartment knee
OA. These results indicate that the mineralization of osteochondral tissues might be an independent process from cartilage erosion, and it can be driven by a lack of local mechanical loading.
Our ﬁndings indicate that loading is an important factor for biomineralization of calciﬁed cartilage during OA development,
and could be exploited when developing tissue engineering
strategies for the osteochondral interface.
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