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A B S T R A C T   

Subchondral bone structure has been observed to change in osteoarthritis (OA). However, it remains unclear how 
the early-stage OA changes affect the mechanics (stresses and strains) of the osteochondral unit. In this study, we 
aim to characterize the effect of subchondral bone structure and mechanical properties on the osteochondral unit 
mechanics. A 3-D finite element model of the osteochondral unit was constructed based on a rabbit femoral 
condyle μCT data and subjected to creep loading in indentation. Trabecular bone volume fraction, subchondral 
bone plate thickness, and equilibrium modulus were varied (including experimentally observed changes in early 
OA) to characterize the effect of these parameters on the osteochondral unit mechanics. At the end of the creep 
phase, the maximum principal strain at the bone surface of the cartilage-bone interface was decreased by 50% 
when the trabecular bone volume fraction was reduced from 48% to 28%. The maximum principal stress at the 
same location was decreased by 36% when plate thickness was reduced by 100 μm (− 31%). In cartilage, small 
changes in the mechanics were seen near the cartilage-bone interface with a considerably thinner (− 31%) plate. 
The changes in trabecular bone volume fraction, subchondral bone thickness and plate equilibrium modulus did 
not substantially affect the cartilage mechanics. Our results suggest that experimentally observed changes that 
occur in the subchondral bone structure in early OA have a minimal effect on cartilage mechanics under creep 
indentation loading; clear changes in the cartilage mechanics were seen only with an unrealistically soft sub
chondral bone plate.   

1. Introduction 

Mechanical factors play an important role in the onset and progres
sion of osteoarthritis (OA) (Buckwalter and Martin, 2006; Burr and 
Schaffler, 1997). However, the mechanical interaction between carti
lage and subchondral bone in the early stages of OA is still unclear 
(Goldring, 2012). For instance, Radin and Rose suggested that an in
crease in subchondral bone stiffness increases the stresses in cartilage 
and causes cartilage lesions (Radin and Rose, 1986). In some phenotypes 
of OA, it has been suggested that the earliest tissue alterations in OA 
occur in bone rather than cartilage (Mobasheri et al., 2017; Quasnichka 
et al., 2006; Zamli et al., 2014). However, it has not been directly shown 

how structural changes in bone affect cartilage mechanics, and how 
changes in cartilage mechanics might contribute to the progression of 
cartilage degeneration in OA. Therefore, research on how structural 
changes in bone may affect the mechanical interactions of the osteo
chondral unit appears warranted. 

Post-traumatic knee OA has been induced with anterior cruciate 
ligament transection (ACLT) in many pre-clinical models. It causes 
instability of the joint (Laverty et al., 2010) and changes joint loading (Li 
et al., 2006) which is associated with adaptations in subchondral bone 
structure and morphology (Stewart and Kawcak, 2018). In the rat ACLT 
model, changes in the subchondral bone structure have been reported as 
soon as 2 weeks post-surgery (Hayami et al., 2006). Furthermore, in 
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canine ACLT models, thinning of the subchondral bone plate and a 
decrease in the trabecular bone volume fraction have been reported at 
10 and 20 weeks post-surgery (Intema et al., 2010; Sniekers et al., 2008). 
These structural changes in bone have been suggested to occur either 
simultaneously or even precede articular cartilage lesions (Lahm et al., 
2006). In studies involving ACLT in rabbits, subchondral bone plate 
thinning and a decrease in trabecular bone volume have been reported 
at 4 and 8 weeks post-intervention (Batiste et al., 2004; Florea et al., 
2015; Huang et al., 2021; Wang et al., 2007). Florea et al. (2015) re
ported that changes in lateral femoral cartilage precede the changes in 
bone, whereas, on the medial side, changes occurred simultaneously. 
Finally, bone changes have been observed to potentially precede carti
lage degeneration in spontaneous guinea pig OA models (Chen et al., 
2018; Quasnichka et al., 2006; Zamli et al., 2014). Taking together, it is 
still unclear whether the earliest post-traumatic OA changes occur first 
in cartilage or bone. 

Experimental characterization of bone and cartilage mechanical 
behavior in situ is extremely challenging, if not impossible. The me
chanical properties of bone and cartilage have been investigated in vivo 
simultaneously by using double upper and lower strain transducers in 
mechanical testing (Ding et al., 1998; Røhl et al., 1997) and by recording 
global deformations during mechanical testing with a high-speed cam
era (Malekipour et al., 2013, 2020; Shaktivesh et al., 2019). In turn, 
computational approaches, such as finite element (FE) modeling, allow 
the determination of the stresses and strains inside tissues. In most FE 
models, the focus has been on modeling either subchondral bone or 
articular cartilage rather than the whole osteochondral unit. Addition
ally, subchondral bone has often been considered rigid, as it has been 
suggested to cause only minor changes in contact pressures (Donahue 
et al., 2002; Shirazi and Shirazi-Adl, 2009). More recently, it has been 
suggested that the deformable subchondral bone may substantially 
affect cartilage mechanical responses, and thus consideration of this 
property might be important (Venäläinen et al., 2014, 2016b). Even in 
models of deformable bone, bones have been considered as a bulk 
structure and the trabecular bone architecture has often been neglected 
(Dar and Aspden, 2003; Shirazi and Shirazi-Adl, 2009; Stender et al., 
2016, 2017). This representation may be an oversimplification, espe
cially in view of recent findings suggesting that the porous structure of 
trabecular bone may contribute to site-specific cartilage stress and strain 
distributions (Venäläinen et al., 2014). Moreover, subchondral bone has 
typically been modeled as a linear elastic material, even though some 
structural characteristics may have been incorporated into the model 
geometry (Malekipour et al., 2016, 2017; Shirazi and Shirazi-Adl, 2009). 
Even though the elastic material assumption has been considered to be 
suitable for impact loading (Malekipour et al., 2016), it has been re
ported that trabecular bone may have time-dependent components (Fell 
et al., 2019; Manda et al., 2017; Ojanen et al., 2017; Xie et al., 2017) that 
might affect long-term mechanical responses near the cartilage-bone 
interface. Accounting for the structure of the entire osteochondral 
unit, combined with realistic material models for bone and cartilage, 
may help in understanding the mechanical interactions between carti
lage and subchondral bone. In turn, this can provide novel insights into 
the mechanisms of onset and progression of OA. 

Previously, Dar and Aspden (2003) modeled an idealized joint with 
isotropic, homogenous and linear elastic bone and cartilage material 
properties, and observed that neither bone thickness nor material 
properties affected the stresses in cartilage under impact loading con
ditions (Dar and Aspden, 2003). Further, previous knee joint models 
suggested that bone softening and reduction in the volume fraction of 
the trabecular bone structure reduce stresses in the knee joint cartilage 
in a site-specific manner (Venäläinen et al., 2014, 2016b). 

In this study, we assume supported by the experimental observations 
that the structural changes in bone may precede those in cartilage in 
very early OA. With this assumption, we aim to characterize the effect of 
the subchondral bone structure and material properties on the me
chanical responses of trabecular bone, subchondral bone plate, and 

articular cartilage. We account for the structural and material com
plexities in cartilage and bone to characterize the effect of subchondral 
bone structure and material properties on the mechanical behavior of 
the osteochondral unit, using advanced material models for bone and 
cartilage. Specifically, we investigate whether a reduction in trabecular 
bone volume fraction or subchondral bone plate thickness affects the 
articular cartilage mechanical behavior and reduces the stresses within 
cartilage. These objectives are investigated simulating a time-dependent 
loading condition (creep in an indentation geometry) applied to a rabbit 
osteochondral unit with a realistic subchondral bone structure that is 
obtained through μCT imaging. 

2. Methods 

2.1. Experiments and μCT imaging 

An ACLT surgery was performed for six skeletally mature female 
New Zealand White rabbits (Oryctolagus cuniculus) (n = 6 knees). An age- 
matched non-operated control group of four rabbits (n = 8 knees) was 
used for comparison. The experiments and μCT imaging were conducted 
for a separate study (Huang et al., 2021) and are described in detail in 
Supplementary Material (Section A). 

2.2. Finite element modeling 

2.2.1. Geometry and FE model of the osteochondral junction 
A lateral femoral condyle of a control knee joint was chosen as the 

reference geometry. A volume of interest (2 mm × 2 mm × height of the 
sample) of the central load-bearing area was chosen and μCT data of the 
lateral femoral condyle was segmented manually. The tetrahedral 
volumetric meshes for trabecular bone and subchondral bone plate were 
created using MATLAB (R2018b, The MathWorks Inc., Natick, MA, USA) 
and iso2mesh toolbox (v1.9, Fang and Boas, 2009). Then, variations on 
the subchondral bone plate and trabecular bone were conducted as 
described in section “Varying bone properties”. The bone structures 
were imported into Abaqus/CAE (v2018, Dassault Systémes, USA) 
where cartilage was added to the FE model. A cartilage thickness of 330 
μm was based on optical coherence tomography measurements. The 
total height of the reference model was 2.7 mm. Details on the geometry 
and meshing protocol are provided in Supplementary Material (Section 
B). 

2.2.2. Material models and properties 
Subchondral bone plate and trabecular bone were modeled as a 

hyper-viscoelastic material. The nonlinear elastic behavior was modeled 
using a Neo-Hookean strain energy potential and the viscoelastic 
behavior was modeled using a two-term Prony series. Subchondral bone 
plate and trabecular bone were assumed to have the same material 
properties. The bone material parameters were obtained from a previous 
nanoindentation study (Ojanen et al., 2017) and are presented in 
Table 1. The viscoelastic constitutive description was chosen 1) as we 
did not know how subchondral bone would behave under creep inden
tation loading and 2) to implement material level mechanical properties 
from nanoindentation measurements that are independent of tissue 
structure. 

Cartilage was modeled as a fibril-reinforced poroelastic (FRPE) ma
terial consisting of a fluid and a porous solid matrix (Wilson et al., 2004), 
implemented in Abaqus using a user material (UMAT) script. This ma
terial model has been well-validated in the past (Julkunen et al., 2013; 
Korhonen et al., 2003; Li et al., 1999). The porous solid matrix further 
consists of a non-fibrillar part, representing proteoglycans, and a 
fibrillar part, representing the collagen fibril network. The fibrillar part 
consisted of four primary fibrils describing the arcade-like collagen 
network architecture, and 13 randomly oriented secondary fibrils 
(Tanska et al., 2020; Wilson et al., 2004). The collagen and water con
tent and collagen structure were assumed depth-dependent, and the 
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non-fibrillar matrix was assumed homogeneous. The material parame
ters for cartilage were obtained from the experimental stress-relaxation 
measurements by optimizing the mechanical force response to fit to the 
experimentally measured forces of the lateral femoral condyle control 
group. The material model, implementation and mechanical material 
parameters of cartilage are described in detail in the Supplementary 
Material (Section B). The cartilage material parameters were kept con
stant in all models (Table 1). 

2.2.3. Loading and boundary conditions 
The load was simulated as a force-controlled stress of 1 MPa, applied 

to the cartilage surface over 5 s and then held for an additional 300 s 
using a non-porous indenter. The cylindrical indenter (d = 0.5 mm) was 
modeled rigid, and its motion was controlled using a reference point on 
the surface of the indenter. This loading protocol can be replicated 
experimentally, and the magnitude of indentation loading and the creep 
application time were designed to match the global tissue strains 
observed in previous rabbit cartilage chondrocyte deformation studies 
with physiological loading magnitude and loading rate (Fick et al., 
2015; Han et al., 2010; Tanska et al., 2020; Turunen et al., 2013). 
Force-controlled loading conditions were chosen, as the physiological 
loading condition within a knee joint resemble a force-controlled 
loading situation. Creep loading allows for studying both the instanta
neous and equilibrium response of the tissues, and the instantaneous 
response of tissues reflects roughly 0.05 Hz dynamic or cyclic loading. 
Further, the indentation allowed studying the mechanical behavior 
outside of the indented area. The indenter diameter was small enough to 
minimize boundary effects (Spilker et al., 1992) and the cylindrical 
shape allowed the contact pressure to remain approximately the same 
throughout the creep loading. 

The bottom nodes of the trabecular bone surface were fixed in the 
axial direction, and the side surface nodes of the bone parts were 
allowed to move only in the plane parallel to each side (Fig. S2). The top 
surface of the trabecular bone was fixed to the bottom surface of the 
subchondral bone plate, and the bottom surface of the cartilage was 
fixed to the top surface of the subchondral bone plate. A zero pore 
pressure (i.e., free fluid flow) boundary condition was applied to the side 
and top surfaces of the cartilage, excluding the surface under the 
indenter. The contact between the indenter and cartilage was defined as 
a frictionless surface-to-surface contact. We also tested more uniform 
loading and different boundary conditions (see Supplementary Material, 
Section B). 

2.2.4. Varying bone properties 
The trabecular bone volume fraction and subchondral bone plate 

thickness of the segmented volume of interest of a lateral femoral 
condyle were varied with erosion and dilation operations on the 
trabecular bone and subchondral bone plate of the reference geometry. 
This was done to characterize the effect of bone structure on bone and 
cartilage stresses and strains. The parametric investigation included 
experimentally observed changes in trabecular bone volume fractions 
and subchondral bone thicknesses between the 8-week ACLT group and 
an age-matched control group (Huang et al., 2021) as well as values 
outside the experimentally observed range. Details on the experimen
tally observed changes are presented in Supplementary Material (Sec
tion B). 

The trabecular bone volume fraction was varied using the iso2mesh 
toolbox (v1.9, Fang and Boas, 2009). From the experimentally measured 
48% in the control animals, it was decreased to 38%, 28% and 20% 
using thinbinvol function and increased to 57% using thickenbinvol 
function. The functions either add or remove the boundary pixels of the 
volumetric binary image of the trabecular bone, and the trabecular bone 
volume fractions were calculated based on these newly obtained vol
umes. The thickness of the subchondral bone plate (325 μm) was para
metrically varied, thickening it by +15% and thinning it by − 15% and 
− 31%. The thickening and thinning were performed by adding or 
removing pixels from everywhere at the top surface of the subchondral 
bone plate, i.e. the original structure with nonuniform thickness was 
increased or decreased by the same amount on the original surface ar
chitecture of the subchondral bone plate. For parametrical analysis of 
the material properties of the subchondral bone plate, the equilibrium 
modulus of the subchondral bone plate was parametrically altered to 
150%, 50%, 25%, 5% and 0.2% of the original equilibrium modulus 
(2.69 GPa). Tetrahedral volumetric meshes were created similarly as 
done for the original reference geometry. Altogether, 13 different 
models were created: 7 of the 13 models had different geometry and 5 
had different subchondral bone plate equilibrium modulus compared to 
the reference model (Table 2 and Fig. 1). Cartilage geometry and 
thickness were identical in all models (Huang et al., 2021, Table 1 and 
Fig. 1). 

2.3. Analysis 

Simulations were performed using Abaqus/Standard using soil 
consolidation analysis. We analyzed the maximum and minimum prin
cipal stresses and logarithmic strains as well as the maximum shear 

Table 1 
The geometry properties of the reference model and values of reference material 
parameters for bone and cartilage.  

Reference model geometry properties 

Trabecular bone volume 
fraction (%) 

Subchondral bone plate 
thickness (μm) 

Cartilage 
thickness (μm) 

48 325 330 

Reference model material parameters 
Bone material parameters 

Eeq (MPa) g1 g2 τ1 (s) τ2 (s) ν 
2690 0.25 0.2 3.40 181 0.325 
Cartilage material parameters 

E0
f (MPa) Eε

f 
(MPa) 

Enf 
(MPa) 

k0(10− 15m4N− 1s− 1) M νnf 

0.5500 19.6770 0.5726 0.6444 6.9472 0.42 

Eeq equilibrium modulus, g1 and g2 normalized relaxation moduli, τ1 and τ2 

short and long viscoelastic relaxation times, ν Poisson’s ratio, E0
f initial fibril 

network modulus, Eε
f strain-dependent fibril network modulus, Enf non-fibrillar 

matrix modulus, k0 initial permeability, strain-dependent permeability coeffi
cient, νnf non-fibrillar Poisson’s ratio.  

Table 2 
The parametrically modified geometry and material properties of the models. 
Only one bone model property was varied at a time. In addition to the reference 
model, 7 different geometries were created, and 5 models had varying sub
chondral bone plate equilibrium modulus. Altogether, 13 different models were 
created.  

Model 
number 

Modified model properties 

Trabecular bone 
volume fraction 
(%) 

Subchondral bone 
plate thickness (μm) 

Subchondral bone plate 
equilibrium modulus 
(MPa) 

1 48 (reference) 325 (reference) 2690 (reference) 
2 57 325 2690 
3 38 325 2690 
4 28 325 2690 
5 20 325 2690 
6 48 375 2690 
7 48 275 2690 
8 48 225 2690 
9 48 325 4035 
10 48 325 1345 
11 48 325 673 
12 48 325 135 
13 48 325 5  
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strain. Excessive minimum principal (compressive) and maximum shear 
strains are related to the failure of bone and the nonfibrillar matrix 
(proteoglycans) of cartilage as well as altered cell synthesis and/or death 
in cartilage (D’Lima et al., 2001; Gratz et al., 2008; Hosseini et al., 2014; 
Malekipour et al., 2017; Mononen et al., 2018; Nagaraja et al., 2005; 
Venäläinen et al., 2016a). The maximum principal (tensile) stresses and 
strains have been related to the failure of collagen fibrils in cartilage and 
tensile failure of the bone (Malekipour et al., 2017; Nagaraja et al., 2005; 
Sasazaki et al., 2006; Wilson et al., 2006). 

The aforementioned parameters were qualitatively plotted in the 
mid-cross section of each model at the instantaneous (beginning) and 
“equilibrium” (end) phases of the creep. Additionally, they were quan
titatively analyzed as a function of creep at the subchondral bone plate 
surface nodes, and at the cartilage deep zone nodes near the cartilage- 
bone interface (Supplementary Material, Section C). Moreover, 
compression of the articular cartilage, subchondral bone plate, and 
trabecular bone regions was evaluated using the approach provided in 
Supplementary Material (Section C). 

3. Results 

3.1. Varying trabecular bone volume fraction 

In general, the maximum principal stresses and strains were 
increased in bone at the subchondral bone plate and trabecular bone 
below the indenter when the trabecular bone volume fraction was 
decreased, both at the beginning and at the end of the creep phase 
(Fig. 2). Similarly, compressive (minimum principal) stresses and strains 
in trabecular bone were larger when the trabecular bone volume frac
tion was decreased (Fig. 3A). The subchondral bone plate compressive 
strain was smaller when the trabecular bone volume fraction was 
decreased (Fig. 3C). In cartilage, the stress distributions did not vary 
between models (Figs. 2 and 3A). Specifically, at the end of creep, when 
the trabecular bone volume fraction was reduced to 20% from the 
original 48%, the averaged maximum principal stress at the subchondral 
bone plate surface at the cartilage-bone interface was increased by 45% 
(from 0.31 MPa to 0.45 MPa) (Fig. 2C). In addition, when the trabecular 
bone volume fraction was reduced to 28% from the original 48%, the 
maximum principal strain at the subchondral bone plate surface at the 
cartilage-bone interface was decreased by 50% (from 0.21 × 10− 4 to 
0.11 × 10− 4) (Fig. 2D). 

The trabecular bone was compressed more when the trabecular bone 
volume fraction was decreased. At the end of creep, when the trabecular 
bone volume fraction was reduced to 20% from the original 48%, the 
trabecular bone compression was increased by 371% (from 0.10 to 0.47 
μm) (Fig. 6B). Correspondingly, smaller compression was observed in 
the subchondral bone plate with a smaller trabecular bone volume 
fraction (Fig. 6A). Varying the trabecular bone volume fraction affected 
neither the stresses nor strains under investigation in the articular 
cartilage near the cartilage-bone interface at any time during the creep 
loading phase (Figs. 7 and 8). 

3.2. Varying subchondral bone plate thickness 

Overall, the maximum principal stresses and strains were increased 
in the subchondral bone plate and the trabecular bone below the 
indenter when the subchondral bone plate thickness was reduced. This 
result was obtained at the beginning and the end of the creep phase 
(Fig. 4). Especially, stresses and strains near the bone void at the 
interface between subchondral and trabecular bone increased when the 
subchondral bone plate was made thinner. Additionally, compressive 
stresses and strains were larger in the subchondral bone plate and the 
trabecular bone below the indenter when the subchondral bone plate 
thickness was reduced (Fig. 5). At the end of the creep phase, when the 
subchondral bone plate thickness was decreased from +50 μm to − 100 
μm compared to the reference value observed, the maximum principal 
stress at the bone surface at the cartilage-bone interface was decreased 
by 36% (from 0.36 MPa to 0.26 MPa) (Fig. 4C). When the subchondral 
bone plate was 100 μm thinner than the reference, the maximum prin
cipal strain was increased by 150% at the end of the creep phase (from 
0.21 × 10− 4 to 0.52 × 10− 4) (Fig. 4D). 

At the end of the creep phase, when the subchondral bone plate was 
100 μm thinner than the reference thickness, the subchondral bone plate 
compression was increased by 8% (from 0.074 μm to 0.080 μm) 
(Fig. 6A). Similarly, when the subchondral bone plate was 100 μm 
thinner than the reference thickness, trabecular bone compression was 
increased by 17% (from 0.100 μm to 0.117 μm) (Fig. 6B). Stress distri
butions were similar in the articular cartilage for all bone plate thick
nesses considered (Figs. 4 and 5), except for the location near the 
cartilage-bone interface, where a slight decrease in the maximum prin
cipal stresses (from 0.17 MPa to 0.16 MPa) and an increase in maximum 
principal strains (from 0.079 to 0.082) were observed when the bone 

Fig. 1. Workflow of the study. The original bone geometry was obtained from segmented micro-computed tomography of a healthy lateral femoral condyle 
osteochondral structure and meshed using MATLAB (v2018b, iso2mesh toolbox). Cartilage was added on top of the subchondral bone plate. Mechanical indentation 
creep loading of 1 MPa was applied on the surface of the cartilage. The trabecular bone volume fraction and subchondral bone plate thickness were modified based on 
both experimentally observed changes and parametrical analysis. A parametrical analysis of the subchondral bone plate material properties was conducted by 
changing the bone plate equilibrium modulus to 150%, 50%, 25%, 5% and 0.2% of the original equilibrium modulus (2.69 GPa). 
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Fig. 2. A) Maximum principal stress (top row) and 
maximum principal strain (bottom row) in the mid- 
cross section of the models with varying trabecular 
bone volume fraction at t = 5 s (start of the creep i. 
e., during instantaneous response). B) Maximum 
principal stress (top row) and maximum principal 
strain (bottom row) in the mid-cross section of the 
models with varying trabecular bone volume frac
tion at t = 305 s. C) Maximum principal stress under 
the indenter, at the subchondral bone plate surface 
at the cartilage-bone interface with varying trabec
ular bone volume fraction. D) Maximum principal 
strain under the indenter, at the subchondral bone 
plate surface at the cartilage-bone interface with 
varying trabecular bone volume fraction. Note that 
in A) and B), the scale for max. principal stress is 
different.   
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plate thickness was decreased by 100 μm (Fig. 7). Additionally, the 
compressive strain and maximum shear strain in the cartilage near the 
cartilage-bone interface were slightly increased with the 100 μm thinner 
bone plate (from 0.56 to 0.57 and from 0.64 to 0.65, respectively) 
(Fig. 8). 

3.3. Varying subchondral bone plate modulus 

When the bone plate equilibrium modulus was reduced from the 
reference value to 25% and 5%, the subchondral bone plate deformation 
at the end of the creep was increased by 327% and 2100%, respectively 

(from 0.074 μm to 0.317 and 1.632 μm) (Fig. 6A). Correspondingly, 
when the bone plate equilibrium modulus was reduced from the refer
ence value to 25% and 5%, the trabecular bone deformation was 
increased by 24% and 72%, respectively (from 0.100 μm to 0.124 and 
0.172 μm) (Fig. 6B). 

As observed with the varying subchondral bone plate thickness, 
when the equilibrium modulus was reduced from +50% to − 50% of the 
reference value, the maximum principal stress below the indenter at the 
subchondral bone plate surface was reduced by 22% (from 0.35 MPa to 
0.27 MPa) (Fig. 9A). Additionally, the maximum principal strain was 
increased by 181% (from 0.21 × 10− 4 to 0.59 × 10− 4) when the 

Fig. 3. A) Minimum principal stress (top row) and minimum principal strain (bottom row) in the mid-cross section of the models with varying trabecular bone 
volume fraction at t = 305 s. B) Minimum principal stress under the indenter, at the subchondral bone plate surface at the cartilage-bone interface with varying 
trabecular bone volume fraction. C) Minimum principal strain under the indenter, at the subchondral bone plate surface at the cartilage-bone interface with varying 
trabecular bone volume fraction. 
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Fig. 4. A) Maximum principal stress (top row) and 
maximum principal strain (bottom row) in the mid- 
cross section of the models with varying sub
chondral bone plate thickness at t = 5 s (start of the 
creep i.e., during instantaneous response). B) 
Maximum principal stress (top row) and maximum 
principal strain (bottom row) in the mid-cross sec
tion of the models with varying subchondral bone 
plate thickness at t = 305 s. C) Maximum principal 
stress under the indenter, at the subchondral bone 
plate surface at the cartilage-bone interface with 
varying subchondral bone plate thickness. D) 
Maximum principal strain under the indenter, at the 
subchondral bone plate surface at the cartilage-bone 
interface with varying subchondral bone plate 
thickness. Note that in A) and B), the scale for max. 
principal stress is different.   
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equilibrium modulus was reduced by 50%, and by 600% (from 0.21 ×
10− 4 to 1.47 × 10− 4) when the equilibrium modulus was reduced to 
25% (Fig. 9B). Interestingly, even when the equilibrium modulus of the 
subchondral plate was reduced to 5% of the original, there were no 
changes in cartilage stresses and strains. With the equilibrium modulus 
ranging from 5% to 150% of the reference value, the cartilage defor
mation at t = 5 s was 22% and 47% at the end of the creep phase. 
Noticeable changes were only observed when the subchondral bone 
plate was extremely soft, equilibrium modulus being 5 MPa (Fig. 7). At 
the end of the creep, the cartilage deformation reduced from 47% to 
43% when the modulus was reduced to 0.2% of the reference value 
(Fig. 9C). 

4. Discussion 

A FE model consisting of a structurally realistic 3-D geometry of an 
osteochondral unit (2 mm × 2 mm × 2.7 mm) was created based on 
experimental μCT data of rabbit knee joints. Based on the experimental 
observations of changes in bone architecture in early OA, the trabecular 
bone volume fraction and the thickness of the subchondral bone plate 
were varied, and a sensitivity analysis with varying the equilibrium 
modulus of the subchondral bone plate was conducted. The model was 
subjected to creep loading in indentation to quantify whether the 
changes in bone properties affect the mechanical responses of bone and 
cartilage. 

First, we observed that the trabecular bone volume fraction had a 

Fig. 5. A) Minimum principal stress (top row) and minimum principal strain (bottom row) in the mid-cross section of the models with varying subchondral bone 
plate thickness at t = 305 s. B) Minimum principal stress under the indenter, at the subchondral bone plate surface at the cartilage-bone interface with varying 
subchondral bone plate thickness. C) Minimum principal strain under the indenter, at the subchondral bone plate surface at the cartilage-bone interface with varying 
subchondral bone plate thickness. 
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negligible effect on the stresses and strains experienced by the articular 
cartilage in indentation. This result is associated with the much greater 
stiffness of the bone than the cartilage so that even when the volume 
fraction of the bone is decreased, it does not affect the cartilage or the 
trabecular bone. Bone may be considered a very hard spring relative to 
cartilage, therefore, it does not matter how stiff the spring is, as long as it 
remains substantially stiffer than the cartilage. Venäläinen et al. (2014) 
investigated the effect of trabecular bone volume fraction in a 
two-dimensional human knee joint study and, when decreasing the bone 
volume fraction, reported a notable decrease in maximum principal 
stresses and strains in cartilage in the lateral tibial plateau, whereas, on 
the medial side, the decrease was substantially smaller, suggesting that 
the trabecular bone structure affects stresses in a site-specific manner 
(Venäläinen et al., 2014). In our model, the trabecular bone volume 
fraction did not affect the cartilage stresses, which might support the 
observation of site-specific behavior. However, in Venäläinen et al. the 
cartilage-bone interface was approximated as a smooth interface while 
in our study the interface was based on μCT segmentation. This might 
contribute to the differences between the studies. Sniekers et al. (2008) 

reported that changes in trabecular bone might not be directly related to 
changes in the subchondral bone plate and articular cartilage, suggest
ing that the subchondral bone plate might have a more pronounced 
effect on the onset of OA than the trabecular bone (Sniekers et al., 2008). 
This suggestion supports our observations that trabecular bone volume 
fraction does not affect the cartilage mechanical behavior. 

In our second analysis, when the subchondral bone plate thickness 
was altered, only small changes in the maximum and minimum principal 
stresses and maximum and minimum principal and maximum shear 
strains in the cartilage near the cartilage-bone interface were observed. 
The thin subchondral bone plate caused a higher maximum principal 
strain in cartilage near the cartilage-bone interface than the thick plate 
because the bone plate deformed more when it was thinner. The 
maximum principal stress in cartilage near the cartilage-bone interface 
was slightly decreased with a thinning of the bone plate, which suggests 
that a reduction in subchondral bone thickness causes a decrease in 
cartilage stresses. Local changes in the subchondral bone plate surface 
topography result in locally varying stresses and strains in the cartilage 
near the cartilage-bone interface. In accordance with this, it has been 

Fig. 6. A) The vertical deformation of subchondral bone plate under the indenter with varying trabecular bone volume fraction (top), subchondral bone plate 
thickness (middle) and subchondral bone plate equilibrium modulus (bottom). B) The vertical deformation of trabecular bone under the indenter with varying 
trabecular bone volume fraction (top), subchondral bone plate thickness (middle) and subchondral bone plate equilibrium modulus (bottom). 
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suggested that the inhomogeneity of the subchondral bone plate surface 
structure might lead to high tensile and shear stresses at the cartilage- 
bone interface (Li et al., 2013). Additionally, even though a large 
reduction in the subchondral plate thickness resulted only in small 
changes in cartilage stresses and strains, it is possible that subchondral 
bone plate may have a mechanical role in the onset and early progres
sion of OA (Sniekers et al., 2008). 

Finally, we analyzed the effect of subchondral bone plate equilib
rium modulus on the mechanical responses of the osteochondral unit. 
When the subchondral bone plate equilibrium modulus was decreased, 
the maximum principal stresses in the subchondral bone were decreased 
and the strains were increased. At the same time, as one might expect, 
the subchondral bone plate deformed more, and the applied force 
caused higher maximum principal strains in the bone plate. Interest
ingly, the mechanical responses in the cartilage remained unaffected by 
the changes in the subchondral bone plate equilibrium modulus (from 
5% to 150% of the reference value), and changes in cartilage deforma
tion were not observed until the equilibrium modulus was decreased to 
0.2% (5 MPa) of the reference value. Even if the subchondral bone plate 
equilibrium modulus was reduced to only 5% of the reference value, the 

equilibrium modulus was still greater than the cartilage equilibrium 
modulus that was ~1.2 MPa. Similarly, decreasing the trabecular bone 
volume fraction did not affect the stresses and strains in the cartilage to a 
measurable extent. Shirazi and Shirazi-Adl (2009) simulated the effects 
of osteochondral defects by locally decreasing the equilibrium modulus 
to 5 MPa in the calcified cartilage region and the subchondral bone plate 
near the trabecular bone surface. They observed that the maximum 
principal strain in the deep cartilage zone increased in the compromised 
area in a full knee joint model (Shirazi and Shirazi-Adl, 2009). This 
result is consistent with our analysis. We observed a decrease in the 
maximum principal stresses and an increase in the maximum principal 
strains in cartilage near the cartilage-bone interface when the sub
chondral bone plate equilibrium modulus was decreased to 5 MPa. 
Additionally, the total deformation of the cartilage was increased with 
the smallest equilibrium modulus used in our simulations. The unreal
istically soft subchondral bone plate could be considered as represen
tative of microdamage effects in subchondral bone, which can further 
affect the cartilage mechanical behavior, as observed with the 5 MPa 
plate equilibrium modulus. Malekipour et al. (2020) reported the stiff
ness of severely micro-damaged equine subchondral bone to be around 

Fig. 7. A) Maximum principal stress under the 
indenter in cartilage near the cartilage-bone inter
face with varying trabecular bone volume fraction 
(top), subchondral bone plate thickness (middle) and 
subchondral bone plate equilibrium modulus (bot
tom). B) Maximum principal strain under the 
indenter in cartilage near the cartilage-bone inter
face with varying trabecular bone volume fraction 
(top), subchondral bone plate thickness (middle) and 
subchondral bone plate equilibrium modulus 
(bottom).   
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20% of the nondamaged subchondral bone under single impact uncon
fined compression (Malekipour et al., 2020). Consequently, the smallest 
equilibrium modulus value used in this study may be too low an 

estimate, even for micro-damaged subchondral bone. 
Previous results on the calcified cartilage stiffness have been vari

able: The macroscale calcified cartilage elastic modulus has been 

Fig. 8. A) Minimum principal stress under the indenter in cartilage near the cartilage-bone interface with varying trabecular bone volume fraction (top), subchondral 
bone plate thickness (middle), and subchondral bone plate equilibrium modulus (bottom). B) Minimum principal strain under the indenter in cartilage near the 
cartilage-bone interface with varying trabecular bone volume fraction (top), subchondral bone plate thickness (middle), and subchondral bone plate equilibrium 
modulus (bottom). C) Maximum shear strain under the indenter in cartilage near the cartilage-bone interface with varying trabecular bone volume fraction (top), 
subchondral bone plate thickness (middle), and subchondral bone plate equilibrium modulus (bottom). Graphs with different volume fractions (top) and equilibrium 
modulus values between 5% and 150% (bottom) are overlapping. 

Fig. 9. A) Maximum principal stress under the indenter, at the subchondral bone plate surface at the cartilage-bone interface, B) Maximum principal strain under the 
indenter, at the subchondral bone plate surface at the cartilage-bone interface, C) Total cartilage deformation with varying subchondral bone plate modulus (graphs 
with equilibrium modulus values between 5% and 150% are overlapping). 
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reported to be an order of magnitude smaller than that of the sub
chondral bone (Hargrave-Thomas et al., 2015; Mente and Lewis, 1994). 
Simultaneously, the tissue-level calcified cartilage elastic modulus, ob
tained with nanoindentation, has been reported to be of the same order 
of magnitude as the subchondral bone plate elastic modulus (Ferguson 
et al., 2003; Gupta et al., 2005; Hargrave-Thomas et al., 2015; Pragnère 
et al., 2018). In previous computational studies, the Young’s modulus of 
the calcified cartilage has been considered to be around 10% of the 
modulus of the subchondral bone (Sajjadinia et al., 2019; Shirazi and 
Shirazi-Adl, 2009; Stender et al., 2017). According to Stender et al. 
(2017), the exact properties of calcified tissues have little effect (pre
sumably on the cartilage), which is supported by our analysis of the 
subchondral bone plate equilibrium modulus. Nevertheless, further 
studies including the transitional soft calcified layer are needed to 
elucidate the effect of tissue-level properties of this intermediate layer 
on the mechanical responses of the osteochondral unit. Further, the 
decrease in subchondral bone plate equilibrium modulus could also be 
interpreted as an investigation of how calcified cartilage softening may 
affect the mechanics of cartilage and trabecular bone. This analysis was 
made as we could not identify calcified cartilage using the present μCT 
protocol. Calcified cartilage is known to thicken in early OA through the 
advancement of the tidemark in the deep cartilage zone (Doube et al., 
2007). Calcified cartilage also experiences a thinning and growth of new 
tidemarks via endochondral ossification (Doube et al., 2007; Lane and 
Bullough, 1980). These changes in the calcified cartilage with OA pro
gression might play an important role in cartilage and bone interactions 
(Hayami et al., 2006). There might also be biochemical and -molecular 
crosstalk between bone and cartilage which might contribute to the 
progression of OA (Burr and Gallant, 2012; Findlay and Kuliwaba, 2016; 
Sharma et al., 2013). For instance, the elastic modulus of calcified 
cartilage was observed to decrease by 37% in rabbits six weeks after 
ACLT compared to a non-operated control group (Pragnère et al., 2018). 
This observation suggests that calcified cartilage mechanical properties 
change with OA progression and might affect the mechanical behavior 
of bone and non-calcified cartilage. Thus, we aim to include calcified 
cartilage in future osteochondral models of joint contact behavior. 
However, including the calcified cartilage requires high-resolution μCT 
(Mehadji et al., 2019; Rytky et al., 2021) or synchrotron CT imaging 
(Portier et al., 2020) methods of osteochondral junction identification. 

Our study is based on the assumption that structural and mechanical 
changes in bone precede the corresponding changes in cartilage in early 
OA. Thus, we focused on characterizing the effects of bone structure on 
the osteochondral unit while maintaining the cartilage material prop
erties and geometries for all models. This can be considered as a limi
tation of our study since the post-traumatic ACLT model may not truly 
simulate the subchondral bone-driven OA phenotype. For instance, 
Pragnère et al. (2018) observed that in rabbits, the decrease in the elastic 
modulus was greater in articular cartilage than in bone 6 weeks after 
ACLT compared to the control group. Based on these observations, they 
suggested that the changes in cartilage might occur prior to those in 
bone (Pragnère et al., 2018). However, the choice of keeping the carti
lage geometry constant across models is also justified based on experi
ments, as the thickness of the cartilage in the lateral femoral condyles 
did not change between the healthy control and ACLT group rabbits 
(Huang et al., 2021). 

Experimental data corresponding to the exact loading scenario used 
in our study was not available. Nevertheless, the cartilage material pa
rameters were obtained from the stress-relaxation experiments con
ducted for the rabbits from which the reference geometry was obtained, 
and replicating the experimentally measured force responses computa
tionally, combining optimization and FE modeling. Additionally, the 
bone properties were obtained from a previous nanoindentation study 
(Ojanen et al., 2017) using a similar approach to the one used here for 
cartilage. Even though the model size was moderate, the thickness of the 
bone portion is close to what has been considered large enough 
compared to the cartilage to not affect the results (Burgin and Aspden, 

2007). Even if the bone thickness had a slight effect on the results, the 
comparison of the results and conclusions would not be affected as the 
thickness ratio between bone and cartilage thickness is similar in all 
models. 

Maintaining the cartilage material properties same in all models was 
justified as the equilibrium and dynamic moduli of articular cartilage in 
the lateral femoral condyles did not vary between the healthy control 
and ACLT group rabbits (Kajabi et al., 2020), although OARSI grading 
scores were statistically greater in the ACLT group animals (Huang et al., 
2021). This discrepancy between cartilage structure and cartilage 
properties may be explained by the fact that the collagen network 
integrity was only minimally changed in these rabbits while the pro
teoglycan loss (and partial recovery) was clearly observable by the 
greater OARSI grade in the ACLT compared to the control group ani
mals. The proteoglycan content of the cartilage, reflected by the 
non-fibrillar matrix modulus, was considered homogeneous throughout 
the tissue, even though it has been shown to vary as a function of 
cartilage depth (Kiviranta et al., 1985; Räsänen et al., 2016). The 
non-fibrillar matrix modulus has been shown to be the main parameter 
defining the cartilage mechanical response at equilibrium (Halonen 
et al., 2013; Räsänen et al., 2016), which was not fully reached in the 
creep loading condition used in this study. In indentation testing, the 
collagen network also contributes to the mechanical response at equi
librium, and thus it may compensate for the tissue degradation caused 
by the loss of proteoglycans. 

Different material properties for cartilage would naturally affect the 
mechanical behavior of cartilage. Other OA-like changes in cartilage 
material properties, such as greater permeability and smaller initial 
fibril network modulus, would mainly affect the instantaneous and early 
temporal creep responses, as cartilage would be expected to deform 
more during early compression due to the lack of fluid pressurization 
and tensile recruitment of collagen fibers, while the loss of pro
teoglycans, reflected by the non-fibrillar matrix modulus, mainly affects 
the mechanical response at equilibrium. However, even with altered 
cartilage properties, the current conclusion of a minimal effect of bone 
on cartilage stresses and strains would not be changed as the cartilage 
properties would be even softer in OA and the stiffness difference be
tween cartilage and bone would be even greater than simulated here. 
Based on these considerations, it is reasonable to assume that the me
chanical changes of the calcified cartilage and/or the superficial sub
chondral bone plate are more important than those in the cartilage as 
they might be the key factors for cartilage thinning through endochon
dral ossification and deep cartilage calcification. 

In this study, the cartilage thickness was the same for all models. 
Cartilage deformation, being 22% at the beginning of the creep and 47% 
at the end of the creep, was in a similar range to what has been observed 
in physiological loading of knee joints: peak contact deformations up to 
30% have been reported during flexion (Bingham et al., 2008), up to 
23% during the gait cycle (Liu et al., 2010), and up to 39% after 30 min 
of standing (Halonen et al., 2014). As was observed with rabbits (Huang 
et al., 2021), cartilage thickness (330 μm) was similar to the subchondral 
bone plate thickness (225–375 μm). However, human cartilage is sub
stantially thicker than human subchondral bone plate (Bhatla et al., 
2018) and further studies are required to investigate if the observed 
cartilage mechanical behavior applies for the thicker human cartilage. 

The instantaneous response at the beginning of the creep loading 
remained unaltered when the trabecular bone volume fraction and 
subchondral bone plate thickness were modified. As the mechanical 
response of dynamic or cyclic loading corresponds to the instantaneous 
response, similar conclusions would be obtained with cyclic or dynamic 
loading. Under uniform loading, the overall stresses and strains were 
decreased compared to indentation, and they were more uniformly 
distributed in the osteochondral unit. Altogether, the observed changes 
are expected, and they do not change the conclusions. As the cartilage 
mechanical responses remained unaltered when changing the bone 
boundary conditions, and in bone, the changes had a similar trend in all 
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models, the boundary conditions do not affect the conclusions. 
In conclusion, we suggest that the structural alterations in trabecular 

bone and the subchondral bone plate that occur in the rabbit model of 
early OA affect the stresses and strains in bone, but do not affect, or only 
minimally so, the stresses and strains in the articular cartilage under 
creep indentation loading. Previously, it has been shown that the stiff
ness of subchondral bone does not affect the cartilage stresses under 
impact loading, with homogenous linear elastic material models in a 
simplified joint geometry (Dar and Aspden, 2003). Our results expand 
the previous conclusion by Dar et al. (2003) to apply to time-dependent 
loading response, with realistic osteochondral unit structure and 
advanced material models for bone and cartilage. Stresses and strains of 
cartilage were altered only when the plate was thinned considerably, or 
when it was assumed to be extremely soft. Yet, further investigations of 
these mechanisms e.g. in the whole knee joint model are required. 
Changes in the stress and strain environment at the cartilage-bone 
interface might suggest a new biomechanically driven mechanism for 
tissue remodeling, adaptation, and progression of OA in bone and 
cartilage. To obtain deeper insight into this topic, samples at different 
stages of OA should be carefully studied for structural alterations and 
associated mechanical changes in the same rabbit model as used here. 
The obtained modeling results could also be validated in situ using 
confocal microscopy (Price et al., 2010; Verbruggen et al., 2015). 
Furthermore, the approach used here should be implemented in a rabbit 
knee joint model utilizing a more realistic loading environment, corre
sponding to in vivo behavior of the osteochondral unit. 
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