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A B S T R A C T   

Changes in the fibril-reinforced poroelastic (FRPE) mechanical material parameters of human patellar cartilage 
at different stages of osteoarthritis (OA) are not known. Further, the patellofemoral joint loading is thought to 
include more sliding and shear compared to other knee joint locations, thus, the relations between structural and 
functional changes may differ in OA. Thus, our aim was to determine the patellar cartilage FRPE properties 
followed by associating them with the structure and composition. Osteochondral plugs (n = 14) were harvested 
from the patellae of six cadavers. Then, the FRPE material properties were determined, and those properties were 
associated with proteoglycan content, collagen fibril orientation angle, optical retardation (fibril parallelism), 
and the state of OA of the samples. The initial fibril network modulus and permeability strain-dependency factor 
were 72% and 63% smaller in advanced OA samples when compared to early OA samples. Further, we observed a 
negative association between the initial fibril network modulus and optical retardation (r = -0.537, p < 0.05). We 
also observed positive associations between 1) the initial permeability and optical retardation (r = 0.547, p <
0.05), and 2) the initial fibril network modulus and optical density (r = 0.670, p < 0.01).These results suggest 
that the reduced pretension of the collagen fibrils, as shown by the reduced initial fibril network modulus, is 
linked with the loss of proteoglycans and cartilage swelling in human patellofemoral OA. The characterization of 
these changes is important to improve the representativeness of knee joint models in tissue and cell scale.   

1. Introduction 

Osteoarthritis (OA) is a degenerative joint disease, which affects 
approximately 10% of men and 18% of women over 60 years old (Glyn- 
Jones et al., 2015). The disease cannot be cured and it causes huge 
economic costs for health care (Hunter et al., 2014; Torio and Moore, 
2016). 

Early cartilage changes in OA include changes in solid collagen- 
proteoglycan matrix and fluid phase, such as the loss of proteoglycans 
(Korhonen et al., 2003; Martel-Pelletier et al., 2008; Pastrama et al., 
2019), fibrillation of the collagen network (Gannon et al., 2015, 2012; 
Korhonen et al., 2003; Martel-Pelletier et al., 2008; Saarakkala et al., 

2010) and increased hydraulic permeability (Buckwalter and Mankin, 
1997; Grenier et al., 2014; Mäkelä et al., 2015). When OA progresses 
into an advanced state, the collagen content reduces, proteoglycan loss 
is extensive, and fluid fraction inside the tissue continues to increase. 
Ultimately, all these changes impair the tissue function exposing it to 
mechanical damage and wear (Buckwalter and Mankin, 1997; Cuc-
chiarini et al., 2016; Glyn-Jones et al., 2015; Knecht et al., 2006; Martel- 
Pelletier et al., 2008; Saarakkala et al., 2010). 

The effects of cartilage degeneration during OA can be probed using 
mechanical testing and microscopical imaging (Huttu et al., 2014; Juras 
et al., 2009; Kaplan et al., 2017; Mody and Brooks, 2012; Rautiainen 
et al., 2015; Robinson et al., 2016). However, the mechanical 
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contribution of each constituent – collagen, proteoglycans, and fluid – 
cannot be separated directly from experiments. This can be done by 
computational modeling (e.g., finite element (FE) modeling) in which a 
constituent-specific material model is fitted to experimental mechanical 
testing data. One example of a constituent-specific material model is the 
fibril reinforced poroelastic (FRPE) model which is previously reported 
to capture successfully equilibrium, transient and dynamic mechanical 
behavior of cartilage (Fortin et al., 2000; Julkunen et al., 2013; Li et al., 
2009). 

Previous studies with bovine and leporine articular cartilage have 
associated the OA-related changes in the constituent-specific mechani-
cal parameters with structure and composition (Julkunen et al., 2009, 
2007; Mäkelä et al., 2014). In humans, cartilage structure has been 
extensively evaluated using microscopy and magnetic resonance imag-
ing, but the function is primarily characterized using only simple elastic 
properties of the tissue (Juras et al., 2009; Kaplan et al., 2017; Rau-
tiainen et al., 2015; Robinson et al., 2016). Further, only a few studies 
have reported relationships between constituent-specific mechanical 
properties and tissue structure at different stages of osteoarthritis in 
humans (Ebrahimi et al., 2020, 2019; Julkunen et al., 2008; Kaplan 
et al., 2017; Mäkelä et al., 2012). Those studies have also concentrated 
only on the tibiofemoral and hip joint cartilage or have predicted the 
mechanical responses of cartilage using a combination of structural 
imaging and FE modeling. In human patellar cartilage, the constituent- 
specific FRPE mechanical parameters are not known. It is also not 
known how these properties change during the progression of OA and 
what is their relationships with the structure and composition of patellar 
cartilage. As the typical loading environment in the patellofemoral joint 
is thought to include more sliding and shear, patellar cartilage may 
experience different alterations in structure and function in OA when 
compared to other locations. 

Detailed information of these constituent-specific properties is 
required for the accurate representation of knee joint function in 
computational models. As these properties are often obtained from an-
imal studies, they may not appropriately represent the human tissue. 

Our primary objective is to characterize the constituent-specific 
FRPE material parameters for human patellar cartilage at different 
stages of OA. The secondary objective is to investigate how these pa-
rameters relate to the parameters determined for normal and osteoar-
thritic tibial (Ebrahimi et al., 2019) and hip (Mäkelä et al., 2012) 
cartilage. Finally, the tertiary aim is to investigate how these FRPE 
properties relate to the structure and composition of cartilage. In our 
earlier studies (Ebrahimi et al., 2019, 2020) we observed that the pro-
teoglycan loss and subsequently reduced tissue swelling in degenerated 
human tibial cartilage was associated with the loss of collagen fibril 
pretension. Based on this, we hypothesize that the same behavior is 
observed in patellar cartilage. 

2. Materials and methods 

The general workflow of this study is presented in Fig. 1. 

2.1. Sample preparation 

Osteochondral samples (d = 8 mm, n = 14, see Table 2) from medial 
and lateral patellar facets of six human cadavers (age 71.8 ± 5.6 years, 
range 68–79 years, sex: 5 males and 1 female) were collected at Kuopio 
University Hospital, Kuopio, Finland. The process and use of the human 
tissue were approved by the ethical committee of North Savo Hospital 
District (permission: 134/2015). During the harvesting process, the 
samples were kept moist and immersed in phosphate-buffered saline 
(PBS, pH 7.4) with proteolytic enzyme inhibitors, ethyl-
enediaminetetraacetic acid disodium salt (1.86 g/L, EDTA VWR Inter-
national, Radnor, PA, USA), and benzamidine hydrochloride hydrate 
(0.78 g/L, Sigma Aldrich Co., St. Louis, MO, USA) (Korhonen et al., 
2003; Prakash et al., 2019). Thereafter, the samples were stored at –23 

◦C in separate sealed containers until further analysis. 

2.2. Indentation testing 

The biomechanical testing protocol consisted of a preconditioning 
phase and a 3-step stress-relaxation measurement, followed by a four- 
cycle sinusoidal dynamic testing. In the preconditioning, the initial 
contact between the plane-ended indenter (d = 726 µm) and the carti-
lage surface was defined using a 12.5 kPa pre-stress (Korhonen et al., 
2002). This was followed by five preconditioning cycles (each of 2% 
strain followed by one-minute relaxation without compression). Then, if 
the initial contact stress of 12.5 kPa was reached after preconditioning, 
the main stress-relaxation protocol was initiated. The protocol consisted 
of three steps (5% strain of the remaining thickness at 100%/s strain 
rate) and a 15 min relaxation period after each step. Dynamic testing of 4 
sinusoidal cycles of 2% strain was conducted around the final 15% tissue 
strain with frequencies of 0.1, 0.2, 0.5, 0.625, 0.833, 1, and 2 Hz in this 
consecutive order. For more details, please see the supplementary 
material. 

2.3. Finite element modeling and optimization 

Finite element modeling using fibril-reinforced poroelastic material 
and optimization was conducted to obtain constituent-specific material 
properties. In the material model, articular cartilage is composed of an 
elastic fibrillar matrix (collagen), and a porohyperelastic non-fibrillar 
matrix (proteoglycans and interstitial fluid). In brief, the unknown 
material parameters of the FRPE material (Table 1) were obtained by 
fitting the simulated force–time response of the first and second stress- 
relaxation steps to the experimental response. See the supplementary 
material for details. 

2.4. Structural and compositional characterizations 

After mechanical testing, the samples were decalcified and cut into 
histological sections for digital densitometry and quantitative polarized 
light microscopy. 

The proteoglycan content (optical density), collagen fibril orienta-
tion, and optical retardation (directly proportional to birefringence - an 
estimate of collagen fibril parallelism (Xia et al., 2001)) profiles were 
calculated separately for each sample. The mean profile was acquired by 
selecting a rectangular (2 mm wide, see Fig. 2) region of interest in the 
middle of the sample. Then, the values were averaged in the horizontal 
direction, normalized with the section thickness, and interpolated to 100 
points and to generate depth-wise profiles. The final depth-wise profile 
was acquired as an average of three histological sections. 

Mankin and Osteoarthritis Research Society International (OARSI) 
scoring (Kraus et al., 2010; Robinson et al., 2016) were conducted by 
four scorers from the three Safranin-O stained sections of each sample 
(Table 2). The final OARSI score and Mankin score for each sample were 
defined as the average of the scores. The OARSI scores were rounded to 
the nearest integer (2,3 or 4) for grouping. Based on the scoring, the 
samples were divided into two groups: early OA (OARSI 2–3, n = 4) and 
advanced OA (OARSI 4, n = 10). There were no healthy cartilage sam-
ples (OARSI 0 or 1) harvested from these patellae. See more details from 
the supplementary material. 

2.5. Statistical analysis 

A linear mixed-effects model was utilized to compare the obtained 
FRPE material model, elastic and viscoelastic parameters, Mankin 
scores, and structural and compositional findings from proteoglycan 
content, collagen orientation angle, and optical retardation (fibril 
parallelism) between the two OA groups. The FRPE model parameters 
were also compared between patellar (obtained in this study), tibial 
(Ebrahimi et al., 2019), and hip (Mäkelä et al., 2012) cartilage for joint- 
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specific differences. 
In the mixed-effects model, the interdependence of the samples 

collected from the same cadaver was considered, i.e., the subjects 
(cadaver) in each OA group were set as a random effect while the OA 
group was set as a fixed effect and each FPRE parameter at a time was 
considered as the dependent variable. For comparison of patella, tibia, 
and hip cartilage the data was split, and comparisons were done within 
the same OA group, while the joint was the fixed effect (Fouladi and 

Shieh, 2004; Littell, 2002; Manor and Zucker, 2004; Prakash et al., 2018; 
Ranstam, 2002). In addition, for the optical density (OD), collagen 
orientation angle, and optical retardation in patellar cartilage, the dif-
ferences between the groups were analyzed point by point along the 
tissue depth (from the articular surface to the bone-cartilage interface). 
The mean values of each profile were also calculated from the surface to 
10, 20, 30, 40, 50, and 100 percent depths for the structure–function 
correlation analysis. 

Fig. 1. The workflow of the study. Osteochondral samples were prepared from human cadavers and frozen. After thawing, indentation testing was done to the 
samples using the stress-relaxation protocol. The constituent-specific material parameters of the samples were obtained by fitting a mechanical response of the fibril 
reinforced poroelastic material model to the experimental tests. After biomechanical testing, 3 µm and 5 µm thick histological sections were prepared from the middle 
of the cartilage samples for quantitative analyses to evaluate proteoglycan content, collagen orientation and collagen fibril parallelism. Safranin-O-stained sample 
sections were also OARSI scored to determine the OA stage. Finally, the obtained material parameters and structural findings were statistically compared between 
different OARSI groups (early and advanced OA). 
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The structure–function associations between all mechanical param-
eters (both model and experiment-based) and mean depth-wise struc-
tural parameters were analyzed using Pearson’s linear two-tailed 
correlation analysis. Further, if no linear correlation existed and the data 
exhibited signs of monotonic correlation, we employed Spearman’s 
correlation analysis to test a potential monotonic rank correlation be-
tween the structural and functional parameters. Statistical analyses were 
done in IBM SPSS Statistics (version 25, IBM Corporation, Armonk, NY, 
USA) with the level of statistical significance α = 0.05. 

3. Results 

3.1. Constituent-specific material properties in osteoarthritic patellar 
cartilage 

The OARSI and Mankin scores for each sample are presented by leg 
(left, right) and site (lateral, medial) in Table 2. The constituent-specific 
material properties were not different between the lateral or medial 
facet of patella (Supplementary material Table 1). 

Three representative experimental and modeled stress-relaxation 
responses, along with histological evaluations of the same samples, 
are shown in Fig. 2. The FRPE model was able to reproduce the exper-
imental results by a coefficient of determination of R2 = 0.95 ± 0.03 
(mean ± standard deviation). 

The FRPE model parameters for human patellar cartilage in early and 
advanced OA groups are presented in Table 3. In general, the initial fibril 
network modulus (E0

f ), and permeability strain-dependency factor (M)

were smaller in the advanced OA group compared to the early OA group. 

3.2. Site-wise comparison of constituent-specific material properties in 
osteoarthritic patellar, tibial, and hip cartilage 

In early OA, FRPE model parameters of tibial cartilage were not 
statistically different when compared to patellar cartilage parameters 
(Table 4). However, Enf of hip cartilage was significantly greater in early 
OA when compared to patellar cartilage. 

In advanced OA, Eε
f and k0 of tibial cartilage were significantly 

greater when compared to patellar cartilage. Also, k0 of hip cartilage was 
significantly smaller compared to tibial cartilage. Further, Enf of hip 
cartilage was significantly greater when compared to patellar and tibial 
cartilage. 

3.3. Depth-wise structural and compositional changes in osteoarthritic 
patellar cartilage 

The optical density (i.e. estimated proteoglycan content) was smaller 
in 0% to 6% (surface), 18% to 45% (middle), and 83% to 89% (deep) 
cartilage depth in the advanced OA group when compared to the early 
OA group (Fig. 3a). The collagen orientation angle was greater in 0% to 
4% cartilage depth in the advanced OA group when compared to the 
early OA group, while the collagen orientation angle was smaller in 21% 
to 45% cartilage depth. Further, the optical retardation (i.e. estimated 
collagen fibril parallelism) in 5% to 22% cartilage depth was greater in 
the advanced OA group compared to the early OA group (Fig. 3c). It was 
also observed that the depth-wise means (0 to 30%) of PG content and 
optical retardation correlated negatively (r = -0.634, p = 0.015). See 
supplementary material for more details. 

Table 1 
Constituent-specific fibril-reinforced poroelastic material model of cartilage and the constitutive relations and unknown material parameters for each constituent: 
collagen, proteoglycans and fluid.  

Constituent Constitutive relations Unknown material parameters 

Collagen σf =
1
2
Eε

f ε2
f + E0

f εf  
E0

f , Initial fibril network modulus; 
Eε

f , Strain-dependent fibril network modulus  

Proteoglycans 
σnf =

1
2
Knf

(J − 1)
J

I + 1
J
Gnf

(

FFT − J
2
3I

)

Knf =
Enf

3
(
1 − 2νnf

),Gnf =
Enf

2
(
1 + νnf

)

Enf, Non-fibrillar matrix modulus; 
vnf , Poisson ratio of non-fibrillar matrix (fixed to 0.42) (Ebrahimi et al., 2019; Wilson et al., 2004)  

Fluid q = − k∇p 

k = k0

(
1 + e
1 + e0

)M
= k0JM  

k0, Initial permeability; 
M, Permeability-strain dependency factor   

Table 2 
Sex of each cadaver, and mean OARSI and Mankin scores of each sample (#) by tissue location. OARSI and Mankin scores are the average scores of the 4 evaluators. M 
= male, F = female. For the grouping the OARSI scores were rounded to nearest integer value.  

Cadaver Sex Left Lateral Left Medial Right Lateral Right Medial 

1 M – #1, 
OARSI 2.1, 
MANKIN 4.6 

#2, 
OARSI 4.3, 
MANKIN 9.3 

#3, 
OARSI 2.2, 
MANKIN 9.3 

2 M #4, 
OARSI 4.3, 
MANKIN 9.5 

#5, 
OARSI 3.9, 
MANKIN 7.8 

#6, 
OARSI 4.2, 
MANKIN 9.7 

#7, 
OARSI 4.5, 
MANKIN 12.1 

3 M – #8, 
OARSI 4.3, 
MANKIN 9.8 

– – 

4 F #9, 
OARSI 4.0, 
MANKIN 7. 7 

– – – 

5 M – #10, 
OARSI 4.2, 
MANKIN 9.5 

#11, 
OARSI 4.0, 
MANKIN 8.6 

#12, 
OARSI 4.2, 
MANKIN 9.6 

6 M #13, 
OARSI 2.3, 
MANKIN 5.2 

#14, 
OARSI 2.6, 
MANKIN 6.3 

– –  
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Fig. 2. Comparison of the fibril-reinforced material 
parameters, proteoglycan content, collagen orienta-
tion angle and optical retardation (collagen fibril 
parallelism) profiles for human articular cartilage at 
different stages of OA. Row 1: FE model response 
(orange) plotted on top of the experimental stress- 
relaxation responses (blue). Row 2: The fibril- 
reinforced poroelastic material parameters and 
Mankin scores. Row 3: Images of Safranin-O-stained 
histological sections. Row 4: Proteoglycan content 
maps and profiles. Row 5: collagen orientation angle 
maps and profiles obtained from qPLM measure-
ments. Row 6: optical retardation maps and profiles. 
The maps and profiles were taken from the middle of 
the sample (blue rectangle) and the profiles were 
normalized to depth, where surface (top dashed line) 
is 0 and cartilage-bone interface (bottom dashed line) 
is 1.   
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3.4. Structure-function relationships in osteoarthritic patellar cartilage 

When the structure and composition were analyzed from the surface 
up to 30% of cartilage depth, the PG content exhibited a positive linear 
correlation (r = 0.58) with the initial fibril network modulus (Table 5), 
while optical retardation had a negative linear correlation (r = − 0.54) 
with the initial fibril network modulus. The optical retardation exhibited 
a positive linear correlation (r = 0.55) with the initial permeability, but 
no correlation between the initial permeability and PG content was 
observed. 

When the analysis of structure and composition was extended up to 
50% of tissue depth, the PG content exhibited a positive correlation (r =
0.67) with the initial fibril network modulus (Table 5). There were no 
statistically significant associations between the optical retardation and 
constituent-specific material parameters. See supplementary material 
for structure–function relationships for “traditional” biomechanical 
material parameters. 

4. Discussion 

In this study, we evaluated the constituent-specific FRPE functional 
properties of human patellar cartilage at different stages of OA. These 
properties as well as “traditional” elastic and viscoelastic properties (see 
supplementary material) were then compared with the depth-wise 
structure and composition to establish relations between structure and 
function in human patellar cartilage. These constituent-specific material 
properties and their relation to the structure can be used to describe the 
mechanical function of patellar cartilage in a more realistic manner in 
computational models of the knee joint. 

4.1. Constituent-specific material properties in osteoarthritic patellar 
cartilage 

As expected, the FRPE material properties in patellar cartilage were 

significantly different between the early and advanced OA groups 
(Table 3). Specifically, we observed that the initial fibril network 
modulus and permeability strain-dependency factor were on average 
72% and 60% smaller in the advanced OA group compared to the early 
OA group. These findings are partially consistent with our previous 
observations; we previously observed that the initial fibril network 
modulus of human tibial cartilage decreased on average by 97% in the 
advanced OA cartilage compared to early OA cartilage (note that in that 
study we had the same cadavers) (Ebrahimi et al., 2019). In this study, 
the strain-dependent fibril network modulus in advanced OA cartilage 
was ~ 80% smaller than in the early OA, while in tibial cartilage it was 
observed to be ~ 50% smaller in advanced OA compared to the early 
OA. In that previous study (Ebrahimi et al., 2019), the initial network 
modulus of tibial cartilage was also very small in advanced OA (but this 
was statistically significant only when compared to healthy tissue and 
not when compared to early OA). However, Ebrahimi et al. did not 
observe statistically significant changes in the permeability strain- 
dependency factor of tibial cartilage. 

4.2. Joint-wise comparison of constituent-specific material properties 

The results suggest that the constituent-specific FRPE material 
properties of cartilage are also dependent on the joint. In this analysis, 
the material properties obtained here were compared with the previ-
ously measured properties obtained from osteoarthritic tibial and hip 
cartilage (femoral head) (Ebrahimi et al., 2019; Mäkelä et al., 2012). In 
early OA, we did not observe a lot of differences in the FRPE parameters 
between the different locations; only the non-fibrillar matrix modulus 
was smaller in patellar cartilage compared to hip cartilage. However, 
there were clearer differences in advanced OA (Table 4). For instance, 
the initial permeability of patellar cartilage was smaller compared to 
tibial cartilage, but it was not statistically different from hip cartilage. 
Also, the strain-dependent fibril network modulus was smaller in 
patellar cartilage compared to tibial cartilage and, as in the early OA, the 

Table 3 
FRPE material parameters (mean ± standard deviation) and mechanical parameters for patellar cartilage in the early and advanced OA groups and 
p-values. The statistically significant differences (p < 0.05) between the groups are highlighted in bold font.  

Parameter Early OA 
(OARSI 2–3) 
(n = 4) 

Advanced OA 
(OARSI 4) 
(n = 10) 

p-value 

E0
f (MPa)  0.163 ± 0.157 0.046 ± 0.020 0.031 

Eε
f (MPa)  1.008 ± 1.856 0.198 ± 0.402 0.192 

Enf (MPa)  0.051 ± 0.021 0.036 ± 0.016 0.162 
k0 (10− 15m4/Ns)  3.794 ± 2.262 7.282 ± 4.569 0.282 
M 3.743 ± 2.228 1.485 ± 1.162 0.040 
Mankin score 6.3 ± 0.8 9.3 ± 0.5 0.005 
Thickness (mm) 4.36 ± 1.32 2.70 ± 1.15 0.077 

n: number of samples, E0
f : the initial fibril network modulus, Eε

f : the strain-dependent network modulus, Enf: the non-fibrillar matrix modulus, k0: the initial permeability, M: the 
permeability strain-dependency factor. 

Table 4 
Comparison of fibril-reinforced material parameters (mean ± standard deviation) for human cartilage from different joints at different stages of osteoarthritis.   

Patella, early OA 
this study 
(n = 4) 

Tibia, early OA 
(Ebrahimi et al., 2019) 
(n = 7) 

Hip a), early OA 
(Mäkelä et al., 2012) 
(n = 6) 

Patella, advanced OA 
this study 
(n = 10) 

Tibia, advanced OA 
(Ebrahimi et al., 2019) 
(n = 15) 

Hip a), advanced OA 
(Mäkelä et al., 2012) 
(n = 4) 

E0
f (MPa)  0.16 ± 0.16 0.07 ± 0.17 0.63 ± 0.41 0.05 ± 0.02 0.002 ± 0.008 0.41 ± 0.18 

Eε
f (MPa)  1.01 ± 1.86 18.29 ± 13.89 0.46 ± 0.68 0.20 ± 0.4 7.65 ± 6.00** 0.80 ± 0.84 

Enf (MPa)  0.05 ± 0.02 0.10 ± 0.05 0.18 ± 0.13* 0.04 ± 0.02 0.05 ± 0.04 0.19 ± 0.13**,††

k0 (10− 15m4/Ns)  3.79 ± 2.26 15.94 ± 47.45 3.75 ± 2.49 7.28 ± 4.57 20.88 ± 20.34* 2.13 ± 1.57†

M  3.74 ± 2.23 4.19 ± 3.78 13.33 ± 14.52 1.49 ± 1.16 3.52 ± 4.45 13.12 ± 12.68  

a) Hip cartilage results were obtained using a different description for collagen fibril (viscoelastic) (Wilson et al., 2005, 2004). Thus, the initial fibril network and the 
strain-dependent fibril network moduli were not compared with patellar and tibial results, but only shown for qualitative information. *p < 0.05, **p < 0.001 
compared to patellar cartilage. †p < 0.05, ††p < 0.001 compared to tibial cartilage. Linear mixed effect model (fixed effect = location, mixed effect = subject) with least 
significant difference adjustment for multiple comparisons was used for analysis. 
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non-fibrillar matrix modulus in patellar cartilage was smaller compared 
to hip cartilage. These differences in the FRPE material properties may 
arise from the different initial (i.e., healthy tissue) properties, the 
adaptation to the mechanical loading environment in different joints, or 
the different progression of OA. 

4.3. Structure-function relationships in osteoarthritic patellar cartilage 

The PG content exhibited a positive linear correlation with the initial 
fibril network modulus in both 30% and 50% analysis depths (Table 5). 
We have made a similar observation in human tibial cartilage (Ebrahimi 
et al., 2020, 2019). This relationship can presumably be associated with 
the smaller pretension of the collagen fibril network arousing from the 
lost swelling pressure in the cartilage (due to the PG loss). We also 
observed that the optical retardation exhibited a negative correlation 
with the initial fibril network modulus in 30% analysis depth. This 
suggests that greater retardation (more parallel fibril alignment) in the 
sub-superficial region of cartilage may contribute to a reduced preten-
sion and/or initial recruitment of the collagen fibril network, thus, 
potentially impairing the mechanical function of cartilage in OA. 

Interestingly, the optical retardation in the superficial 30% depth 
exhibited a positive linear correlation with the initial permeability, 
suggesting that the integrity of the superficial collagen network is vital 
to keep the interstitial fluid pressurized by limiting the fluid flow. This 
result supports the findings that fluid flow happens along the fibrils 
(Federico and Herzog, 2008). The permeability (i.e. the parameter 

controlling the fluid flow) of cartilage has been suggested to originate 
mainly from the interactions between fluid and PGs (Nia et al., 2015), 
but the effect of the collagen network should not be neglected. Further, 
we have previously observed that cartilage permeability is positively 
associated with OA severity in tibial cartilage (in terms of OARSI grade) 
(Ebrahimi et al., 2019). The extent of collagen fibrillation was also found 
to be related to the loss of PGs, which could also explain the relationship 
between permeability and optical retardation. 

We observed that sample thicknesses between the early and advanced 
OA groups were not different. Therefore, the depth-wise analyses of the 
structural and compositional properties should be comparable between 
different OA groups. Furthermore, biomechanical testing was consis-
tently performed up to 15% of the cartilage thickness. Thus, both the 
quantification of the structural and compositional properties and 
biomechanical tests were conducted up to the same relative tissue depth. 

5. Limitations and future considerations 

The small number of samples and lack of healthy samples (OARSI 
grade 0 or 1) can be considered as a limitation of this study. This was due 
to the limited availability of human cadavers. There were six cadavers, 
but only three of the cadavers could provide samples from both right and 
left knee. For two cadavers, only one sample from one patella was ac-
quired, as the cartilage was too degenerated at the other side of the facet. 
The effect of sex could not be studied either, because there was only one 
sample from one female cadaver. 

Fig. 3. Depth-wise structural differences for human patellar cartilage in early and advanced OA. a) Depth-wise optical densitometry profiles describing the pro-
teoglycan content of early and advanced OA groups. b) Depth-wise collagen orientation angle profiles from polarized light microscopy (PLM) for each group. c) 
Optical retardation profiles describing the birefringence due to depth-wise changes in the collagen organization. Mean depth-wise profiles and standard deviations 
are presented for two subject groups: early OA (OARSI 2–3, blue) and advanced OA (OARSI 4, red). Significant mean differences (p < 0.05) are denoted with light (p 
< 0.05) and dark gray (p < 0.01) shading. 

Table 5 
Pearson’s (r) linear and Spearman’s (ρ) rank correlations between Mankin score, structural and functional parameters. If no linear correlation existed, Spearman’s 
correlation analysis was employed to test a potential monotonic rank correlation between the structure and function. *p < 0.05; **p < 0.01.    

Mankin score PG content (0–30% depth) Optical retardation (0–30% depth) PG content (0–50% depth) Optical retardation (0–50% depth) 

E0
f  r − 0.66* 0.58* − 0.54* 0.67** ns. 

ρ – – – – ns. 
Eε

f  r ns. ns. ns. ns. ns. 
ρ ns. ns. ns. ns. ns. 

Enf  r ns. ns. ns. ns. ns. 
ρ ns. ns. ns. ns. ns. 

k0  r ns. ns. 0.55* ns. ns. 
ρ ns. ns. – ns. ns. 

M  r ns. ns. ns. ns. ns. 
ρ ns. ns. ns. ns. ns.  
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Although the sample size was small, most of the parameters 
possessed a relatively large variation, which provided some insight into 
the structural and functional changes in human patellar cartilage. Yet, 
additional studies with a larger sample size are required to fully char-
acterize the possible site-, sex- and age-related differences between the 
FRPE material parameters in healthy and OA patellar cartilage. This 
information could be obtained in future studies if cartilage samples from 
healthy patellae could be harvested. Further, we could not statistically 
compare the initial and strain-dependent fibril network moduli of 
patellar and tibial cartilage to hip cartilage as the constitutive model for 
the collagen fibrils was different in that study. 

The computational model and the results reported in this study 
provide valuable input for future studies of patellofemoral joint diseases 
and osteoarthritis. The constituent-specific material parameters and 
their numerical values benefit the development of knee joint computa-
tional models with more complex site-dependent material properties, 
especially the ones including the patella. As patellar cartilage is on a 
sliding surface that undergoes high wear, these new constituent-specific 
material properties also provide new insights into the investigation and 
evaluation of cartilage wear and lubrication. In the future, the FRPE 
model should also be utilized to characterize and optimize the me-
chanical properties of artificial cartilage, while the values presented 
here (and in Ebrahimi et al., 2019) can be used as a minimum that has to 
be exceeded. 

6. Conclusion 

We reported constituent-specific FRPE material parameters of oste-
oarthritic human patellar cartilage for the first time and revealed their 
structure–function relationships and degeneration mechanisms in 
patellofemoral OA. The constituent-specific material parameters char-
acterize the structural and functional changes during OA in patellar 
cartilage. The most notable differences from early to advanced OA were 
a decrease in the initial fibril network modulus and the strain- 
dependency of permeability. The FRPE model parameters were also 
joint-specific in advanced OA. The non-fibrillar matrix modulus of 
patellar and tibial cartilage was observed to be smaller than in hip 
cartilage, while tibial cartilage had the greatest permeability. The 
smaller initial fibril network modulus was associated with the disruption 
of the superficial collagen network and decreased proteoglycan content, 
while the initial permeability was greater as the collagen network 
integrity was disrupted, these findings support our earlier findings. 
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Tuomas Virén (Ph.D.), Juuso T. J. Honkanen (Ph.D.) and Katariina A. H. 
Myller (Ph.D.) are acknowledged for assistance with sample collection. 
Miitu Honkanen (M.Sc.) and Rubina Shaikh (Ph.D.) are acknowledged 
for providing additional assessments for histological scores. Moham-
medhossein Ebrahimi (M.Sc.) is acknowledged for providing data for 
joint-wise comparison. Santtu Mikkonen (Ph.D.) is acknowledged for 
statistical consultation. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jbiomech.2021.110634. 

References 

Buckwalter, J.A., Mankin, H.J., 1997. Articular cartilage. Part II: Degeneration and 
osteoarthrosis, repair, regeneration, and transplantation. J. Bone Jt. Surg. 79, 
612–632. 

Cucchiarini, M., de Girolamo, L., Filardo, G., Oliveira, J.M., Orth, P., Pape, D., Reboul, P., 
2016. Basic science of osteoarthritis. J. Exp. Orthop. 3, 22. https://doi.org/10.1186/ 
s40634-016-0060-6. 

Ebrahimi, M., Ojanen, S., Mohammadi, A., Finnilä, M.A., Joukainen, A., Kröger, H., 
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Mäkelä, J.T.A., Huttu, M.R.J., Korhonen, R.K., 2012. Structure-function relationships in 
osteoarthritic human hip joint articular cartilage. Osteoarthr. Cartil. 20, 1268–1277. 
https://doi.org/10.1016/j.joca.2012.07.016. 

Manor, O., Zucker, D.M., 2004. Small sample inference for the fixed effects in the mixed 
linear model. Comput. Stat. Data Anal. 46, 801–817. https://doi.org/10.1016/j. 
csda.2003.10.005. 

Martel-Pelletier, J., Boileau, C., Pelletier, J.P., Roughley, P.J., 2008. Cartilage in normal 
and osteoarthritis conditions. Best Pract. Res. Clin. Rheumatol. 22, 351–384. https:// 
doi.org/10.1016/j.berh.2008.02.001. 

Mody, G.M., Brooks, P.M., 2012. Improving musculoskeletal health: Global issues. Best 
Pract. Res. Clin. Rheumatol. 26, 237–249. https://doi.org/10.1016/j. 
berh.2012.03.002. 

Nia, H.T., Han, L., Bozchalooi, I.S., Roughley, P., Youcef-Toumi, K., Grodzinsky, A.J., 
Ortiz, C., 2015. Aggrecan Nanoscale Solid-Fluid Interactions Are a Primary 
Determinant of Cartilage Dynamic Mechanical Properties. ACS Nano 9, 2614–2625. 
https://doi.org/10.1021/nn5062707. 

Pastrama, M.-I., Ortiz, A.C., Zevenbergen, L., Famaey, N., Gsell, W., Neu, C.P., 
Himmelreich, U., Jonkers, I., 2019. Combined enzymatic degradation of 
proteoglycans and collagen significantly alters intratissue strains in articular 
cartilage during cyclic compression. J. Mech. Behav. Biomed. Mater. 98, 383–394. 
https://doi.org/10.1016/j.jmbbm.2019.05.040. 

Prakash, M., Joukainen, A., Torniainen, J., Honkanen, M.K.M., Rieppo, L., Afara, I.O., 
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dependency in multivariate spectroscopic data. Chemom. Intell. Lab. Syst. 182, 
166–171. https://doi.org/10.1016/j.chemolab.2018.09.010. 

Ranstam, J., 2002. Problems in orthopedic research: Dependent observations. Acta 
Orthop. Scand. 73, 447–450. https://doi.org/10.1080/00016470216327. 

Rautiainen, J., Nissi, M.J., Salo, E., Tiitu, V., Aho, O., Saarakkala, S., Lehenkari, P., 
Ellermann, J., Nieminen, M.T., 2015. Multiparametric MRI Assessment of Human 
Articular Cartilage Degeneration : Correlation with Quantitative Histology and 
Mechanical Properties. Magn. Reson. Med. 74, 249–259. https://doi.org/10.1002/ 
mrm.25401. 

Robinson, D.L., Kersh, M.E., Walsh, N.C., Ackland, D.C., de Steiger, R.N., Pandy, M.G., 
2016. Mechanical properties of normal and osteoarthritic human articular cartilage. 
J. Mech. Behav. Biomed. Mater. 61, 96–109. https://doi.org/10.1016/j. 
jmbbm.2016.01.015. 

Saarakkala, S., Julkunen, P., Kiviranta, P., Mäkitalo, J., Jurvelin, J.S., Korhonen, R.K., 
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