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A B S T R A C T   

The influence of joint degeneration on the biomechanical properties of calcified cartilage and subchondral bone 
plate at the osteochondral junction is relatively unknown. Common experimental difficulties include accessibility 
to and visualization of the osteochondral junction, application of mechanical testing at the appropriate length 
scale, and availability of tissue that provides a consistent range of degenerative changes. This study addresses 
these challenges. 

A well-established bovine patella model of early joint degeneration was employed, in which micromechanical 
testing of fully hydrated osteochondral sections was carried out in conjunction with high-resolution imaging 
using differential interference contrast (DIC) optical light microscopy. A total of forty-two bovine patellae with 
different grades of tissue health ranging from healthy to mild, moderate, and severe cartilage degeneration, were 
selected. From the distal–lateral region of each patella, two adjacent osteochondral sections were obtained for 
the mechanical testing and the DIC imaging, respectively. Mechanical testing was carried out using a robotic 
micro-force acquisition system, applying compression tests over an array (area: 200 μm × 1000 μm, step size: 50 
μm) across the osteochondral junction to obtain a stiffness map. Morphometric analysis was performed for the 
DIC images of fully hydrated cryo-sections. The levels of cartilage degeneration, DIC images, and the stiffness 
maps were used to associate the mechanical properties onto the specific tissue regions of cartilage, calcified 
cartilage, and subchondral bone plate. 

The results showed that there were up to 20% and 24% decreases (p < 0.05) in the stiffness of calcified 
cartilage and subchondral bone plate, respectively, in the severely degenerated group compared to the healthy 
group. Furthermore, there were increases (p < 0.05) in the number of tidemarks, bone spicules at the cement 
line, and the mean thickness of the subchondral bone plate with increasing levels of degeneration. 

The decreasing stiffness in the subchondral bone plate coupled with the presence of bone spicules may be 
indicative of a subchondral remodeling process involving new bone formation. Moreover, the mean thickness of 
the subchondral bone plate was found to be the strongest indicator of mechanical and associated structural 
changes in the osteochondral joint tissues.   

1. Introduction 

Osteoarthritis (OA) is globally one of the most common joint 
degenerative diseases, and a major cause of pain and disability in the 
adult population (Wallace et al., 2017). OA affects the whole joint 
including the degeneration of the aneural articular cartilage (AC), 

resulting in joint space narrowing and increased direct loading of the 
underlying bone, eventually causing loss of joint mobility. Along with 
progressive cartilage erosion, common hallmarks of OA include changes 
in the underlying subchondral bone structure, low-grade inflammation, 
and synovitis (Mobasheri et al., 2019). Being a heterogeneous disease 
with different phenotypes (Mobasheri et al., 2019), the exact etiology, 
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and pathogenesis of OA remain complex and incompletely understood, 
and this may be one of the main reasons behind the failure to develop 
any effective disease-modifying treatment for OA (Karsdal et al., 2016). 
It is agreed that mechanical factors play a highly influential role during 
OA initiation, with joint tissues being very sensitive to their mechanical 
environment (Felson, 2013; Buckwalter and Martin, 2006). Studies have 
shown that the degeneration of AC in OA progression is associated with 
the alterations in subchondral bone architecture (Aho et al., 2017; 
Finnilä et al., 2017; Ko et al., 2013). For example, in vivo cyclic 
compression of mouse knees has been shown to cause a decrease in AC 
thickness and an increase in the underlying subchondral cortical bone 
thickness (Ko et al., 2013). These authors went on to demonstrate that 
such loading could go on to induce OA in mice, but interestingly 
showing that mice with higher subchondral bone mass tended to be 
protected against the disease progression compared to those mice with 
lower bone mass (Adebayo et al., 2017). A recent study on the knee joint 
from human patients with end-stage OA found evidence of “profound 
defects in osteocyte function” that limited bone remodeling, supporting 
the idea that a bone remodeling response would be a protective response 
against this disease (Mazur et al., 2019). Therefore, from a mechanical 
standpoint, the structure and material properties of the joint 
weight-bearing tissues are of considerable interest in understanding the 
initiation and progression of OA. Given the significance of bone in the 
OA disease process, OA-related studies have included tissues underlying 
AC such as the subchondral bone (Li et al., 2013), and the osteochondral 
junction (Suri and Walsh, 2012); which is the focus of the present study. 

The osteochondral junction includes two biochemically and 
compositionally distinct regions called the calcified cartilage (CC) and 
the subchondral bone plate (SBP) (Das Gupta et al., 2020). The CC is a 
region of mineralized cartilage separating the overlying unmineralized 
AC from the underlying subchondral bone. The CC was found to be an 
order of magnitude stiffer than the AC and a similar order of magnitude 
less stiff than the underlying subchondral bone (Mente and Lewis, 
1994). In that study, a relatively averaged macro-response was 
measured from three-point bending of CC/SBP composite beams that 
thus included smaller length-scale structural heterogeneity such as 
chondrocytes and voids. A later study (Hargrave-Thomas et al., 2015) 
carried out the same three-point bending tests, as well as microhardness 
and nanoindentation testing. They found that the moduli increased 
significantly with increasingly smaller length-scale testing (Har-
grave-Thomas et al., 2015). Further, while three-point bending showed 
a ten times larger modulus of the SBP compared to the CC; with nano-
indentation, that difference was reduced to only two times. It is 
important to note that these previous studies tested hydrated tissues 
(Mente and Lewis, 1994; Hargrave-Thomas et al., 2015). When dehy-
drated, and using nanoindentation, the stiffness modulus was found to 
be no different between the CC and the underlying subchondral bone 
(Ferguson et al., 2003, 2008; Gupta et al., 2005). However, these studies 
that measured mineralization showed that the stiffness and hardness of 
calcified cartilage were typically lower than subchondral bone for the 
same mineral content (Gupta et al., 2005) and that the CC was more 
inclined to have a larger variation in mineralization content than bone 
(Ferguson et al., 2003). Thus, the CC in the context of its mechanical 
effect between the relatively compliant AC and the stiff SBP, to reduce 
this modulus mismatch, is dependent on the length-scale of the response 
to loading, hydration of the tissue, and extent of mineralization. 
Importantly, CC reduces the concentration of shear stress at the miner-
alizing front (also referred to as tidemark) between the unmineralized 
AC and CC (Thambyah et al., 2018; Radin and Rose, 1986). The CC is 
separated from the subchondral bone by the cement line boundary and 
also acts as a biochemical barrier between cartilage and bone (Mansfield 
and Peter Winlove, 2012). The SBP is a dense, cortical-like bone but has 
vascular and lacunar–canalicular pores (Maghsoudi-Ganjeh et al., 
2020). Clarke showed earlier that bone cavities can disrupt this cortical 
endplate at the osteochondral junction (Clark, 1990; Clark and Huber, 
1990), and it was later summarized that there are at least three types of 

cavities (Oegema et al., 1997). The first type is the extension of the 
trabeculae marrow cavity which are relatively large (>100 μm) and 
contain fat cells. The second type is the cylindrical canals (width: 30–70 
μm) which is mostly a branch of larger cavities consisting of bone 
marrow cells. The last type is the narrow canals which are cuffed in 
lamellar bone and contain a blood vessel. Some of the vessels also 
penetrate CC and have either an open structure with endothelial and 
extravascular cells at the end or a close structure encapsulated by the 
lamellar bone (Clark, 1990; Oegema et al., 1997). Such formation of 
cone-shaped vascular canals surrounded by a lamellar bone cuff, or bony 
spicules (Thambyah and Broom, 2009), has been reported as a sub-
chondral bone response associated with joint degeneration (Thambyah 
and Broom, 2009). Advancement of the mineralized front, by a process 
like endochondral ossification, occurs throughout life at the osteo-
chondral junction and can be observed microscopically by the presence 
of multiple tidemarks (Burr, 2004). This tidemark multiplication, via 
which the CC advances towards the AC has been suggested as a sign of 
OA progression (Meachim and Allibone, 1984; Goldring and Goldring, 
2010, 2016). Tidemark advancement has been also associated with 
vascular invasion from the subchondral bone through the cement line 
(Goldring and Goldring, 2010; Goldring, 2012). It has been proposed 
that the CC thickens with increasing levels of joint degeneration, such 
that the tidemark advances into the overlying hyaline cartilage, 
reducing the mechanical efficacy of the latter (Burr, 2004; Burr and 
Radin, 2003). Mechanical testing of bovine tissue shows that in early 
joint tissue degeneration, the stiffness gradient between the CC and the 
SBP is reduced by 50% (Hargrave-Thomas et al., 2015). A decrease in 
stiffness in the CC was also reported in rabbit joints in the early stages of 
OA (Pragnère et al., 2018). Our recent Raman microspectroscopic 
experiment on human osteochondral samples, spanning from early to 
advanced OA, shows that there is a tendency of the degree of mineral-
ization in the CC to decrease in the latter stage of OA (Das Gupta et al., 
2020). In contrast, increased mineralization of the CC correlated with an 
increase in the stiffness modulus in samples of tissue obtained from 
end-stage OA patients (Ferguson et al., 2003), highlighting the 
connection between composition, structure, and mechanical response. 
One reason for the difference between the two findings may be in the 
complexities of working with human tissue, where there is not only a 
dearth in the supply but also a lack of consistency in the grades and 
levels of tissue degeneration. One way to overcome such limitations is to 
carry out studies in mature bovine patellae, where it has been used as a 
model of early joint tissue degeneration (Hargrave-Thomas et al., 2013). 
This bovine patella model provides a virtually limitless supply of tissue 
with a consistent range of degenerative changes shown to be analogous 
to the development of human OA (Hargrave-Thomas et al., 2013). 

Previously the microstructure of the osteochondral junction in the 
bovine patella as a function of cartilage health has shown that the CC 
and subchondral bone demonstrate consistent changes such as the 
development of multiple tidemarks and formation of bone spicules 
(Thambyah and Broom, 2007, 2009). Mechanical testing has also been 
carried out in this junction at several length scales, to show how early 
degeneration results in a reduced stiffness gradient across the 
cartilage-bone junction (Hargrave-Thomas et al., 2015). However, the 
previous study was limited in several ways. Firstly, a three-point 
bending along with an optimization model was applied to obtain the 
mechanical properties of the junction to indirectly obtain the modulus of 
the CC and subchondral bone. This was followed by indentation using a 
hardness test, from which the stiffness was also indirectly derived. 
Secondly, the range of tissue grades tested was limited to mild and 
moderate levels of degeneration. Thirdly, and probably most important, 
the mechanical test locations were not correlated to the structural 
changes that may have existed in the test region. 

Thus, using the bovine patella model of early joint degeneration, we 
now wish to explore the micromechanical changes in the osteochondral 
junction as a function of degeneration and associated these changes with 
site-specific microstructure. The objective of this study was to determine 
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how the stiffnesses of the CC and SBP change, in relation to increasing 
levels of cartilage tissue degeneration, and how these mechanical 
changes correlate with the microscopic structural alterations of the 
osteochondral junction. To do this we applied a robotic micro- 
indentation technique to measure the tissue stiffness of fully hydrated 
osteochondral sections from bovine patellae and compared the tissue- 
specific microstructure with the stiffness profiles by using high- 
resolution differential interference contrast (DIC) optical light 
microscopy. 

2. Methods 

2.1. Sample preparation 

Forty-two patellae from mature female bovine animals (aged be-
tween 6 and 9 years), with grossly visible cartilage fibrillation corre-
sponding to normal to moderate OA states, were collected following 
slaughter and stored at -20 ◦C. Each patella was thawed in cold running 
water for at least 30 min and stained with India ink to classify the 
macroscopic extent of degenerative change on the cartilage surfaces 
following the protocol established earlier (Hargrave-Thomas et al., 
2013) (Fig. 1). In brief, the cartilage degeneration is graded based on a 
modified Outerbridge classification (Outerbridge, 1961), where the 
following groups are discerned. G0: pristine cartilage with no visible 
breaks in the surface confirmed by no uptake of stain. G1: mild surface 
roughness that shows a mild uptake of stain. G2: moderate level of 
surface roughness and uptake of stain, and relative softness to touch. G3: 
marked softness to touch, and deep and relatively wide uptake of stain. 

All these grades do not involve fissuring of cartilage down to the sub-
chondral bone (Thambyah and Broom, 2007, 2009), and therefore, they 
serve as models for early joint tissue degeneration (Hargrave-Thomas 
et al., 2013). 

An osteochondral block (en–face dimensions ~15 mm × 20 mm ×
10 mm) was extracted from the distal–lateral region (common degen-
eration site in the bovine model (Thambyah and Broom, 2007)) of each 
patella using a hacksaw (Fig. 1). The sample block was further processed 
by cutting a 4 mm thick section with a low-speed diamond saw (Isomet 
1000, Buehler, Lake Bluff, IL, USA) and kept in 0.15 M saline for the 
mechanical testing. 

2.2. Mechanical testing 

A modular robotic micro-force acquisition system (FT-RS1002; 
FemtoTools AG, ZH, Switzerland) equipped with an FT-FS1000 micro- 
force sensing probe and an FT-GS1000 micro-assembler was used to 
perform the compression tests (Fig. 2A). A stereomicroscope (Nikon 
SMZ-745) was integrated into the robotic system allowing precise con-
trol of the mechanical test location. The micro force sensing probe is 
capable of measuring forces in the range of ±100 μN with a 50 μN/V 
sensitivity and resolution of 0.05 μN at 10 Hz. The sensing probe (overall 
length: 3 mm) has a flat tip (width: 50 μm, thickness: 50 μm) that tapers 
to 300 μm width at an angle of 45-degrees (Fig. 2C). The sensing probe 
was deliberately set at a 15-degree offset to provide visual clearance for 
the stereomicroscope view, hence, the mechanical measurements 
needed to account for this offset. We applied a cosine function (FR = FM 
× Cos 15◦) to the force (FM) measured by the robotic system in order to 

Fig. 1. Representative macroscopic view of bovine 
patellae, washed with India ink to illustrate the 
gradual increase in cartilage surface degeneration 
across the distal-lateral region (red boxes). (A) 
Normal healthy-appearing patella with no uptake of 
ink (G0), (B) patella with very mild staining due to 
cartilage surface disruption that is not deep (G1). (C) 
The G2 patella with relatively deeper staining and 
covering a wider area. (D) The G3 patella with high 
staining intensity indicating deeper fissures covering 
a wide area. From every sample block, a 4 mm thick 
osteochondral section was prepared for mechanical 
testing.   
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obtain the reaction force (FR) in the material relative to the applied force 
(Wang et al., 2015). Moreover, during a compression test, the micro 
force sensing probe, the sensing arm, and the sample holder will deform 
beside the deformation of the sample itself. To account for this, the 
system configuration was modeled as a set of springs placed in series 
(Fig. 2B) with another spring representing the sample. During a 
compression test, the total deformation (DT) measured by the system 
would be a sum of sample deformation (DS) and measurement system 
deformation (DM). 

DT =DS + DM (1) 

To calculate the deformation of the measurement system, a reference 
measurement was performed, where the sample was replaced by a rigid 
microscopic glass slide, hence the actual structure of interest has no 
influence on the deformation. Using this reference measurement data, 
the stiffness of the measurement system (KM) was calculated from 
equation (2). 

FM = KM × DM (2) 

By knowing the KM, the sample deformation was calculated by using 
equation (3). 

DS = DT −
FM

KM
(3) 

After positioning the force-sensing probe over the desired location, 
the probe was moved closer to the sample with an approach speed of 
200 μm/s and a force threshold of 5 μN. Once that threshold was 
exceeded (contact found), the tip was moved back by 15 μm (off-set 
distance). The force acquisition system then performed compression 
tests over an array (200 μm × 1000 μm) with a step size of 50 μm (total 
of 80 tests in one array measurement). The test protocol was as follows: 
1 μm/s indenter speed (step size: 0.2 μm) with a force threshold of 90 μN 
and a maximum indentation depth of 55 μm. After performing each 
compression test, the sensing probe moved 500 μm away from the sur-
face then moved along the array directions to the next test location. 
After moving to the next array point, it repeated the ‘contact found’ 
routine before the compression test. 

The tissue stiffness for each compression test was estimated from the 

linear-least-squares regression of the linear portion of the load- 
displacement curve, using an in-house MATLAB (MathWorks Inc., MA, 
USA) script (Fig. 3). A window of points within the load-displacement 
curve was tuned to achieve the maximum value of R2 of the regression 
data, to identify the linear portion of the curve (Deymier et al., 2019). 

To ensure that the compression tests were performed on both the CC 
and SBP, the sensing probe tip was microscopically guided and posi-
tioned away from the trabecular spaces and towards the osteochondral 
junction (Fig. 4). Using a water-proof marker, a dot was marked along 
with two lines above the visible trabecular spaces approximating the 
horizontal and vertical axis, respectively. In the example demonstrated 
in Fig. 4, the indentation start-point and end are shown, along with the 
array of indents (region showed by a rectangle in Fig. 4A and B). 

Fig. 2. Mechanical testing of the osteochondral samples. (A) Schematic of measurement system configuration. (B) Symbolic schematic of the measurement system 
configuration. (C) FemtoTools FS-1000 Micro-force Sensing Probe dimensions. Abbreviation: DT = total deformation, DS = sample deformation, DM = measurement 
system deformation, KM = stiffness of the measurement system, and KS = stiffness of the sample. 

Fig. 3. A representative force-displacement curve of the mechanical measure-
ment from the deep zone of the unmineralized articular cartilage. Note, the off- 
set distance (15 μm) is the distance required by the sensing probe to establish 
reliable contact with the specimen surface. The stiffness was estimated from the 
linear-least-squares regression of the linear portion of the curve. 
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Calibrated images of the start and end positions as shown in Fig. 4 were 
obtained for each test. After mechanical testing each sample underwent 
chemical fixation in 10% formalin for 24 h, followed by mild decalci-
fication in 10% formic acid for 48 h (Hargrave-Thomas et al., 2013; 
Thambyah and Broom, 2013). This chemical processing does not 
degrade the markings on the sample (See Fig. 5). The decalcified bone of 
the processed sample being soft enough was cut through with a fine 
microtome blade, held under a stereomicroscope, to physically mark the 
horizontal and vertical axes that converge to the dot. The dot served as a 
landmark for the locations of the mechanical tests and was used as a 
gross reference in defining the indentation area by correlating with the 
microscopic images described below. 

2.3. Morphometric analysis 

Cryo-sections (thickness = 30 μm) were prepared from the mildly 
decalcified sample-blocks using a sled microtome (Leica SM2010 R, 
Leica Biosystems). Each section was wet mounted in saline and secured 
with a coverslip. Therefore, each section was imaged in their ‘fully hy-
drated state’ at different magnifications (1 × , 4 × , 10 × , and 20 × ) 
using a DIC optical light microscopy (Nikon Eclipse 80i, Nikon In-
struments). High-resolution images of each section, which included the 
hyaline cartilage, the CC, and the SBP were obtained (Fig. 6). Morpho-
metric analysis (i.e., mean thickness of CC and SBP, number of tide-
marks, the rugosity of cement line (an index on the extent of irregularity 
in the cement line boundary – see Fig. 6), and number of bony spicules 
per mm) was performed on the DIC images (4 × magnification) of the 
fully hydrated sections using ImageJ (v 1.47t, National Institutes of 

Fig. 4. Stereomicroscope view of the indenter (top 
view) over the hydrated osteochondral section 
imaged, at the start of test (A), and at the end (B), 
respectively. A landmark (black dot along with two- 
lines indicating horizontal and vertical axis respec-
tively) above the visible trabecular spaces was drawn 
by a water-proof marker. Before starting the experi-
ment, the sensing probe was positioned near the 
landmark and the array of indents was programmed 
over a region indicated here by the rectangle box.   

Fig. 5. (A) Each sample was formalin-fixed and underwent mild decalcification, following which two cuts were easily made, that were aligned to the earlier 
described horizontal and vertical lines (see-Fig. 4). (B) DIC image obtained from the cryosection of the decalcified sample, showing how the axes of the cuts are 
obtained and used to determine the location of the indentation map. (C) A higher magnification image of the region of interest, corresponding to the location of the 
indentation and showing how the CC and SBP can be determined with certainty. Here, an example of how the indentation values were superimposed on the actual 
indentation site is demonstrated, with blue being the least stiff and yellow being the stiffest value. 
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Health, USA) software. The mean thicknesses of CC and SBP were 
calculated after manual segmentation of these tissue structures from the 
DIC images (4 × magnified image and 1 × magnified image, respec-
tively) (Wang et al., 2009). 

2.4. Statistical analyses 

For each sample, the stiffness map was superimposed on the high 
magnification DIC optical light microscopic images following the land-
marks (notches on the DIC images) (Fig. 5B). Each point of the map was 
manually labeled as one of the three tissue types, (deep zone) AC, CC, 
and SBP, and tissue-specific mean stiffness values were calculated. Any 

Fig. 6. (A) Fully hydrated full-thickness image of a typical sample. The thickness of the hyaline cartilage (here ~ 2 mm) can be obtained from such sets of images. 
The region shown by the dotted box contains the subchondral bone plate (SBP), below which the continuous dense bone ends, and begins to show large trabecular 
spaces. (B) Higher magnification of the boxed region in (A), in which the SBP thickness may be derived with more precision. (C) Higher-resolution differential 
interference contrast (DIC) optical light microscopy imaging of the calcified cartilage (CC) facilitates easy identification of the cement line boundary, mineralization 
fronts (indicated by the white arrows), and bone spicules in the SBP (black arrows). The rugosity measurements are obtained by tracing and measuring the cement 
line across the image and dividing that length by the horizontal straight-line length across the image. 
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point of the stiffness map, that was clearly positioned on the porosities of 
subchondral bone, was omitted from the calculation. Furthermore, 
points of the map having uncertainties, especially at the highly irregular 
regions of tidemark and cement line were omitted (maximum 5% of total 
data points) from the tissue-specific mean stiffness calculation. 

Based on the level of degeneration, four grade groups: G0 (n = 10), 
G1 (n = 11), G2 (n = 09) and G3 (n = 12) were established. The dif-
ferences in stiffness, as well as morphometric parameters between the 
grade groups, were analyzed by the Kruskal–Wallis test, the non- 
parametric equivalent of one-way analysis of variance (ANOVA) (R 
Studio, v1.3.959, RStudio, Inc.), followed by the Wilcoxon test to 
identify the significance of the difference between two grade groups. 
Associations between the stiffness values and the morphometric data 
were calculated using the Spearman correlation analysis. The descrip-
tive statistics were presented as mean ± standard deviation. 

3. Results 

Three regions of tissue at the osteochondral junction were mechan-
ically tested: the deep zone of AC, CC, and SBP. The Kruskal–Wallis tests 
on the tissue-specific stiffness response of different grade groups showed 
that the stiffness of both CC (chi-squared value = 7.846, p = 0.049) and 
SBP (chi-squared value = 23.897.846, p < 0.001) changed across grade 
groups (Fig. 7). Specifically, the stiffness of SBP decreased (p < 0.05) 
from G0 (intact cartilage surface) group samples to G1 (mildly degen-
erated cartilage surface) and continues to decrease (p < 0.001) in the G2 
(moderately degenerated cartilage surface) group. Compared to the G0 
group, there was a 23.6% decrease (p < 0.001) in the mean stiffness of 
the SBP in the G3 (severely degenerated cartilage) group. However, 
compared to the G0 group, the stiffness of CC decreases (20.3%, p <
0.05) only in the G3 group. We did not observe any changes (chi-squared 
value = 3.94, p = 0.26) in the stiffness of the deep zone AC across the 
grade groups. 

The results of the morphometric analyses from the DIC images are 
shown in Fig. 8 and the descriptive statistical data are presented in 
Table 1. The Kruskal–Wallis tests revealed that the mean thickness of 
SBP (chi-squared value = 30.168, p < 0.001), number of tidemarks (chi- 
squared value = 17.393, p < 0.001), and number of bony spicules (chi- 
squared value = 10.082, p < 0.05) changed across grade groups. Spe-
cifically, the mean thickness of the SBP increased (p < 0.001) by almost 
130% in the G3 group compared to the G0 group. The tidemark count 
was more than doubled (p < 0.05) at the G3 group when compared to the 
G0 group. At the G3 group, the number of bony spicules per mm also 
increased (p < 0.05) compared to the G0 group. Although the Krus-
kal–Wallis test showed that the rugosity of the cement line did not 

change (chi-squared value = 5.95, p = 0.1142) across the grade groups, 
the rugosity of the cement line increased (p < 0.05) at the G3 group 
compared to the G1 group. Finally, we did not find any changes (Krus-
kal–Wallis test; chi-squared value = 0.975, p = 0.807) in the mean 
thickness of CC with cartilage surface degeneration. 

The morphology of the samples was analyzed by visual inspection of 
the sections, in order to have a sense of the changes of structure across 
tissue states. The key observations (Fig. 9) indicated that with increasing 
grades of degeneration, the structural changes at the osteochondral 
junction included an advancing of the CC and cement line in the di-
rection of the articular surface. Bone spicules in the groups 2 and 3 
samples were also easily defined (e.g., Fig. 9E), along with the miner-
alization fronts (Fig. 9C and F). Importantly, the microstructural 
changes observed were very similar to those reported extensively in 
previous studies using these methods of microscopic imaging (Tham-
byah and Broom, 2007, 2009; Thambyah et al., 2012a). For example, the 
gross differences in the patellae for tissues with G0 and G1 (Fig. 10) 
would be very difficult to distinguish, as the surface disruptions are 
mostly at the microscale, and the mid to deep zone collagen network 
de-structuring are at the ultrastructural scale (Thambyah and Broom, 
2007; Thambyah et al., 2012a). 

Finally, correlation analysis between the stiffness values and the 
morphometric data was carried out to reveal possible relationships be-
tween them (Fig. 11). In summary, stiffness of the deep zone of AC 
showed a positive association (p < 0.05) to the presence of bony spic-
ules. The CC stiffness had a negative correlation (p < 0.05) with the 
mean thickness of SBP, but positive ones with mean CC thickness and 
SBP stiffness. Moreover, the SBP stiffness was negatively associated with 
the number of bony spicules, tidemark numbers, and mean SBP thick-
ness. The greatest number of significant associations were found to 
occur with the mean thickness of SBP (Fig. 11), where there were as-
sociations in all comparisons, except to the AC stiffness. 

4. Discussion 

In this study, we applied a robotic micro-indentation technique to 
measure the tissue-specific stiffness of fully hydrated bovine osteo-
chondral samples and compared the stiffness profiles with correspond-
ing tissue microstructure by using high-resolution DIC optical light 
microscopic imaging. Importantly, the osteochondral tissues were from 
a validated model for early joint degeneration, from which consistent 
levels of structural degeneration could be obtained and grouped. When 
comparing the healthy (G0) to the severely degenerated group (G3), 
there were about 20% and 24% decreases in the stiffness of CC and SBP, 
respectively. Similarly in the earlier study, Li and Aspden used an 

Fig. 7. Boxplot (with jitter) representing the stiffness 
response of deep zone of articular cartilage (AC), 
calcified cartilage (CC), and subchondral bone plate 
(SBP), relative to the grade groups. Based on the level 
of cartilage surface degeneration, four grade groups: 
G0 (n = 10), G1 (n = 11), G2 (n = 09), and G3 (n =
12) were established. The differences in tissue stiff-
ness between the grade groups were analyzed by 
Kruskal–Wallis tests, followed by the Wilcoxon test to 
identify the significance of the difference in the tissue 
stiffness between two grade groups. In the figure, * 
indicates a p-value of less than 0.05 in the Wilcoxon 
test, representing a statistically significant difference 
in the tissue stiffness between the two grade groups.   
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ultrasonic method to determine the elastic stiffness modulus of the 
cortical plate of femoral heads and also found the elastic modulus of the 
plate to be reduced with end-stage OA compared to healthy tissues (Li 
and Aspden, 1997). In another study, nanoindentation was combined 
with confocal microscopy to measure biomechanical and morphological 
changes of AC, CC, and SBP in the ACLT rabbit model (Pragnère et al., 
2018). Although the AC was found most affected by the post-traumatic 
OA, the stiffness of both CC and SBP also decreased (37% and 16%, 
respectively) during OA development (Pragnère et al., 2018). The me-
chanical tests in the present study showed a decrease in the stiffness of 

CC only in the later stages of degeneration, while the stiffness of the SBP 
was found to start decreasing with early cartilage degeneration. More-
over, we found that the mean thickness of the subchondral bone plate is 
associated with both micromechanical and microstructural changes in 
the osteochondral junction with different levels of cartilage degenera-
tion. The novelty of these findings arises from the associations derived 
between the mechanical and microstructural data. As both sets of data 
were obtained from measurements taken each from the same sample it 
allows in-depth discussion around how structural changes with degen-
eration may be rationalized by material property changes or vice versa. 

The fluctuation in the mechanical properties of CC with the timeline 
of the initiation and progression of OA provides the rationale to explore 
how such changes are related to remodeling of the joint tissues in 
maintaining biomechanical homeostasis. In particular, the way the SBP 
changes with the initiation and progression of OA could be a demon-
stration of a ‘mechanical coping’ mechanism while the overlying AC 
loses its mechanical integrity. Previous studies suggest that in OA the 
subchondral bone remodels and creates new bone tissue that has 
reduced stiffness, but through its remodeled architecture (e.g., increased 
trabecular number and plate thickness) it would provide greater struc-
tural rigidity to the joint tissue system (Finnilä et al., 2017; Burr and 
Schaffler, 1997). In a more recent review, it was proposed that the extent 
and rate of bone remodeling are different in early-stage and late-stage 
OA, such that there is a bone loss in the former and increased densifi-
cation in the bone during the latter stages (Burr and Gallant, 2012). 
Consequently, the intriguing question is on the relationship between the 
CC and SBP in the initial stages of OA and the eventual late stages. Could 

Fig. 8. Boxplots (with jitter) showing the morphometric measurements from the DIC images of osteochondral junction at different grade groups: G0 (n = 10), G1 (n 
= 11), G2 (n = 09), and G3 (n = 12). * indicates a p-value of less than 0.05 in the Wilcoxon test. 

Table 1 
Descriptive of the morphometric analysis from DIC images. Mean ± standard 
deviation.  

Grade 
group 
(number 
of 
samples, 
n) 

Calcified 
cartilage 
thickness 
(μm) 

Subchondral 
bone plate 
thickness 
(μm) 

Number of 
tidemarks 

Rugosity 
of cement 
line 

Bony 
spicules 
(per 
mm) 

G0 (n =
10) 

202.07 ±
69.00 

378.24 ±
106.10 

2.00 ±
0.94 

1.78 ±
0.25 

1.03 ±
0.87 

G1 (n =
11) 

221.25 ±
89.30 

327.40 ±
140.69 

3.73 ±
1.79 

1.65 ±
0.25 

0.89 ±
0.39 

G2 (n = 9) 219.98 ±
45.71 

762.70 ±
185.17 

4.33 ±
1.32 

1.80 ±
0.29 

1.02 ±
0.34 

G3 (n =
12) 

230.82 ±
58.30 

869.24 ±
172.38 

5.00 ±
1.41 

1.98 ±
0.33 

1.48 ±
0.53  
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tissue remodeling in OA development provide a clue to the alteration of 
the local mechanical environment? 

Since the CC acts as a stiffness intermediary from the relatively 
compliant AC to a stiffer SBP (Oegema et al., 1997), the gradient of this 
transition in stiffnesses would be important to track, in relation to joint 
degeneration. While on the one hand, we found a strong positive asso-
ciation between the stiffnesses of CC and SBP (Fig. 11) suggesting their 
mechanical interdependence, and on the other hand, the CC stiffness 
decreased only in the later stages of degeneration; and this requires 
further insight. The morphological investigation revealed that an 
increased number of bone spicules were found at the later stages of 
degeneration (Fig. 8), and this increase was negatively associated with 
the stiffness of deep zone of the AC (Fig. 11). Thus, despite CC stiffness 
not having a significant association with AC stiffness (Fig. 11), there still 
may be an indirect relationship to suggest that weakened and possibly 
damaged AC would influence how the CC region develops in response. 
Indeed, previous morphological studies on bovine patella tissue, on the 
micro-and ultrastructure of the osteochondral junction, showed that 
collagen fibril network destructuring in the AC is associated with 
changes in the CC (Thambyah and Broom, 2007, 2009). Notably, such 
subtle ultrastructural collagen network changes could not be detected by 
traditional compressive indentation or mechanical tension, and instead 
is manifested in tissue swelling tests, such that with degeneration, 
cartilage tissue with a weakened network tends to expand more 
(Thambyah et al., 2012b; Nickien et al., 2017). 

Owing to the fact that the CC diffuses stress at the tidemark 
boundary, at first sight, it would appear that an increase in stiffness 
would be required to continue its role in maintaining mechanical 

integrity in the joint. However, in the early degenerative state where the 
AC is weakened, our findings indicate that the associated changes are 
mostly in the SBP than in the CC (Fig. 11). This suggests that the sub-
chondral bone tissue is more adaptative to mechanical loading than 
cartilage tissue. Moreover, the G1 samples used in the present study 
represent a group of tissue states that is arguably difficult to capture in 
other animal studies. For example in rabbits, when transections of the 
anterior cruciate ligament (ACLT) were carried out to initiate osteoar-
thritic changes, it was found that “all of the rabbits from the ACLT group 
exhibited fibrillation or erosion” of the AC (Pragnère et al., 2018). In the 
present study, the G1 tissue does not have overt fibrillated cartilage 
(Fig. 10), yet the cartilage loading capacity is altered significantly 
(Thambyah and Broom, 2007; Thambyah et al., 2012a). The reduction 
of the stiffness of SBP occurring with early cartilage degeneration might 
relate to the unbalance in the subchondral bone remodeling rate (Suri 
and Walsh, 2012; Burr and Gallant, 2012). The bone remodeling process 
follows a sequence of cellular activation followed by 
osteoclast-mediated bone resorption and then osteoblast-mediated bone 
formation (Burr, 2004). Increased subchondral remodeling often results 
in new, immature, and under-mineralized bone (Ferguson et al., 2003; 
Burr and Gallant, 2012). The appositional bone rate, an indicator of 
subchondral bone remodeling was reported to be increased by almost 
fivefold in early OA (Amir et al., 1992). Thambyah and Broom demon-
strated new bone formation beneath the intact cartilage during OA 
progression, using the bovine model (Thambyah and Broom, 2009). 
Thus, the reduction of the SBP stiffness with progressive degeneration 
may be a result of the presence of new bone, which when they are 
formed in fracture healing, has been shown to be a weaker tissue than 

Fig. 9. (A) G1 sample showing mostly intact full-thickness cartilage, compared with (B) G3 sample with a severely disrupted surface. (D) Higher magnification image 
of (A) indicating the boundaries of the cement line (CL) and uppermost tidemark (TM), the latter separating the calcified cartilage from the non-calcified cartilage. 
(E) Higher magnification image of (B) showing advanced CL (arrow) which also appears more undulated (increased rugosity); the circle in (E) is a bone spicule. 
Multiplication of tidemark (arrow) on (C) and (F) indicate the advancement of calcified cartilage towards articular cartilage. Scale bar in each image is 200 μm. 
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the native bone (Mora-Macías et al., 2017). 
At the osteochondral junction, the AC and underlying subchondral 

bone form a structural continuum through the CC, hence, their function 
as a whole would be dependent on the individual mechanical and 
structural tissue regions. Even though there are multiple molecular and 
clinical phenotypes of OA (Mobasheri et al., 2019), uncertainty remains 
on the specific initial microstructural changes in the OA disease process. 
The findings of this study highlight that in G1 tissues, both CC and SBP 
undergo major structural modification along with mechanical changes, 
even before visible macroscopic changes at the cartilage surface. This 
indicates that the mineralized tissues at the osteochondral junction are 
involved in the early stages of degeneration. The mean thickness of CC 
did not change with progressive tissue degeneration, whereas the mean 
thickness of the SBP increased. The increased number of tidemarks but 
with no change in the mean thickness of CC may indicate that any 
advancement of the mineralization front (i.e., tidemark) could be in 
conjunction with the subchondral bone front (i.e., cement line) 
advancement (Hargrave-Thomas et al., 2015). This concept is shown in 
the schematic provided in Fig. 12. 

Our morphometric measurements revealed that at severe cartilage 
surface degeneration, the reductions in the stiffness of both mineralized 
tissues were coupled with an increased number of tidemarks and the 
presence of a higher number of bony spicule intrusions. The bony 
spicules were observed to be extended upward into the CC (Fig. 9), 
contributing to a greater rugosity of the cement line. Those spicules were 

seen rarely in direct contact with the upper-most tidemark. This suggests 
that the tidemark also moves upward during bony spicules intrusion into 
the CC (Thambyah and Broom, 2009). Previously, Thambyah et al. re-
ported an increased rugosity of the cement line at early to mild OA in 
both bovine (Thambyah and Broom, 2007, 2009; Hargrave-Thomas 
et al., 2013; Thambyah et al., 2012a) and human (Hargrave-Thomas 
et al., 2013). It has been suggested that the prominence of spicule for-
mation represents new bone formation by the process of subchondral 
remodeling rather than the endochondral or intramembranous ossifi-
cation (Thambyah and Broom, 2009; Hargrave-Thomas and Thambyah, 
2021). The suggestion was based on several observations: lack of 
chondrocyte stacking in the CC, the bony spicules have a central canal 
surrounded by the lamellar bone structure, and their similarity to Ha-
versian canals with bifurcations and blind ends (Thambyah and Broom, 
2009; Hargrave-Thomas and Thambyah, 2021). That new bone has 
formed is consistent with the decreased stiffness of the SBP since newly 
formed (primary) bone is less stiff than secondary Haversian bone 
(Carter et al., 1976). The positive relationship between stiffness and 
mineralization (Ferguson et al., 2003, 2008; Gupta et al., 2005) suggests 
that the stiffness of this newly formed bone will increase as it becomes 
more mineralized with aging (Turunen et al., 2011; Burr, 2019). The 
biomechanical impact of bony spicules formation on joint tissue me-
chanics at a larger scale is largely unknown. Nevertheless, based on the 
computational model of the metabolic process in bone, the strain energy 
density (SED) distribution is linked with the bone remodeling process 

Fig. 10. (A) A typical G0 sample with an intact surface layer compared with (C) a G1 sample that appears intact at this scale. (B) and (D) are DIC images of the 
arrowed surfaces shown in (A) and (C). The vertical lines in (B) and (D) indicate the ‘tangential’ zone or surface layer of cartilage where the chondrocytes and 
collagen fibrillar network are aligned parallel to the articular surface. Note the noticeably altered morphology in (D). 
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(Huiskes et al., 2000). It has been speculated that the SED distribution in 
flatter portions of the cement line adjacent to spicules might be affected 
by the number and shape of bony spicules (Hargrave-Thomas and 
Thambyah, 2021). The changes in strain state guide bone resorption and 
bone formation phases of the remodeling process. When SED is reduced 

due to altered joint loading or microcracks are formed in subchondral 
bone, the remodeling process starts with the recruitment of osteoclasts 
for bone resorption (Burr and Radin, 2003; Huiskes et al., 2000). 
However, the closing cone of the remodeling unit experiences high 
strain, driving bone formation (Klein-Nulend et al., 2005). The stress 
state at the osteochondral junction is also altered by the newly formed 
bone, by increasing the irregularity and rugosity of the cement line, 
allowing shear forces in the cartilage to be converted to compressive and 
tensile forces in the bone (Radin and Rose, 1986; Madry et al., 2010). 
Finally, we found that the most consistent indicator of both mechanical 
and structural changes in the osteochondral junction is the mean 
thickness of SBP, showing the greatest number of associations to the 
tested parameters (Fig. 11). These relationships could be harnessed for 
future research, and possibly clinical use, where the SBP thickness, 
which is relatively easy to measure using in vivo imaging techniques, 
may be used as a reliable surrogate marker of early degenerative related 
mechanical and structural changes in the joint tissues. 

There are several strengths and limitations of the present study. A 
major challenge of micro-indentation of the SBP was that the bone being 
porous at the micro-level (mainly due to the vascular invasion), it was 
difficult to recognize which part of the bone structure was being tested. 
Making physical notches on the osteochondral sections followed by the 
high-resolution images of the fully hydrated sections using DIC optical 
light microscopy, allowed us to superimpose the measured stiffness map 
of the junction on the images. Important structural features of the 
osteochondral junction (e.g., the porosity of bone) can be depicted from 
the high-magnification DIC images. Thus, we believe this allowed us to 
achieve more precise measurement of the local mechanical properties of 
CC and SBP. However, our technique was also limited by the following 
factors. 1) We used a force sensing probe with a flat tip, which might 
cause some permanent deformation of tissues. However, upon careful 
inspection of the high-magnification (4 × and 10 × ) DIC images, we did 
not find any signs of permanent deformation of tissue due to the rect-
angular flat tip. The selection of a relatively small force threshold (90 
μN) might be the reason for having no permanent damage to tissue. 
Furthermore, the tip has a width of 50 μm with a thickness of 50 μm, 
which is in the order of magnitude similar to the thickness of CC (219 ±

Fig. 11. Spearman correlations calculated across the mechanical and morphometric data with those significant (p < 0.05) indicated. Abbreviation: CC = calcified 
cartilage, SBP =Subchondral bone plate, AC = Articular cartilage, CL= Cement line, R = correlation co-efficient. 

Fig. 12. Schematic to explain reduced bone stiffness and how calcified carti-
lage thickness may be conserved. The black rectangles represent the regions 
that were mechanically tested. The textured region in (B) indicates the new 
bone formation associated with the advancing cement line, which may have 
contributed to an overall reduction in subchondral bone plate stiffness. The 
black arrow in (B) points to an advancing uppermost tidemark, while the white 
arrow points to an advancing cement line. We suggest that with an advancing 
tidemark coupled with the advancing cement line, the thickness of the calcified 
cartilage in (B) versus (A) is not discernably different. 

S. Das Gupta et al.                                                                                                                                                                                                                             



Journal of the Mechanical Behavior of Biomedical Materials 129 (2022) 105158

12

66 μm). However, we performed compression tests in an array config-
uration (width of 200 μm), which gave us enough data points in CC per 
sample (min: 4, max: 28, average: 16). Yet, an assumption of normality 
was not appropriate; therefore, we opted for the nonparametric Krus-
kal–Wallis test while comparing between groups– because of its suit-
ability for comparisons of more than two groups and smaller sample 
sizes with unequal numbers of observation (data points). 2) After fixa-
tion and mild decalcification, we prepared cryo-sections from the 
sample-blocks. However, due to the nature of cryo-sectioning using a 
sledging microtome, it is extremely difficult to prepare the top-most 
surface of the sample-block. Hence, the DIC images are taken approxi-
mately 30–90 μm adjacent to the mechanical measurement surface. 3) 
Due to the methodological challenges, the indentation was performed 
orthogonal to the physiological loading direction. This might result in a 
non-physiologically representative stiffness than if the tissue was 
measured across the transverse plane. This limitation is especially 
relevant since the bone has been shown to be anisotropic in its structure 
and mechanical response (Fan et al., 2002). 4) Using the bovine patella 
model of early joint degeneration, previous mechanical testing studies 
showed that there is a change in the mechanical response of AC with 
increasing grades (Thambyah et al., 2012a, 2012b; Thambyah and 
Broom, 2010; Workman et al., 2017). In this study, the mechanical 
testing protocols were optimized for evaluating hard tissues. This might 
be one of the reasons that we did not observe any significant changes in 
the stiffness of the deep zone of AC between different grade groups. 
Moreover, the en-face indentation of the sagittal plane of the AC may 
have contributed to the lack of differentiation in the stiffness between 
the grade groups. For instance, Pragnère et al. applied nanoindentation 
but in the radial direction and found the average equilibrium modulus 
decreased by 42% in the articular cartilage in the ACL transected rabbit 
knees from controls (Pragnère et al., 2018). 5) The bovine patellae due 
to logistic reasons underwent one unavoidable freeze-thaw cycle, which 
might influence the mechanical properties of the osteochondral tissues. 
Although, it has been reported that a single freeze-thaw cycle does not 
affect the mechanical behavior of AC (Changoor et al., 2010; Szarko 
et al., 2010) or bone (Conrad et al., 1993; Linde and Sørensen, 1993); the 
opposite effect has also been reported (McElderry et al., 2011; Laouar 
et al., 2007; Zheng et al., 2009). Nevertheless, the measurement setup 
was kept constant for all samples; thus, we expect a reliable comparison 
between them despite these limitations. Further, the bovine patellae 
model allowed us to correlate the cartilage surface disruption with 
micro-level alterations of structure and mechanical properties at the 
osteochondral junction. In accordance with our recent Raman micro-
spectroscopic experiment on the human osteochondral junction (Das 
Gupta et al., 2020), we had proposed that the stiffness of both miner-
alized tissues at the junction would decrease with cartilage degenera-
tion. The present study supports this proposal. 

To conclude, we compared tissue stiffness and microstructural 
changes in the CC and SBP, of bovine tissue demonstrating different 
levels of cartilage degeneration. The decreasing stiffness of the SBP and 
the presence of bony spicules with early cartilage degeneration may be 
indicative of a process involving new bone formation. Importantly too, 
this study shows that microstructural and micromechanical changes in 
the osteochondral junction exist even before grossly visible changes at 
the cartilage surface. Thus, the osteochondral junction should be 
considered as a vital target for elucidating the etiology and pathogenesis 
of OA. 
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