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Materials and Methods

Sample preparation, mechanical testing and determination of the elastic,

viscoelastic and constituent specific material parameters

These measurements were conducted in our previous study 3, thus, only a brief recap
is given here. Osteochondral samples (n = 27) were harvested from tibial cartilage of
seven cadavers (age 71.4 + 5.2 years, range 68—79 years, 6 males and 1 female) and
kept in PBS at -23 °C until thawed for mechanical indentation tests. The isotonic PBS
with enzymatic inhibitors was used to mimic the natural environment of cartilage (pH
7.4, 300mOsm), similar to numerous earlier studies &894 It contained
ethylenediamine tetraacetic acid disodium salt (1.86 g/L, EDTA VWR International,
Radnor, PA, USA), and enzymatic inhibitors of benzamidine hydrochloride hydrate
(0.78 g/L, Sigma-Aldrich Co., St. Louis, MO, USA) 614,

Before the actual test, a small pre-load of 12.5 kPa was applied to ensure proper
contact between the indenter and sample. This preload was selected based on a
previous studies 8. It was also essential to ensure that the preload does not cause
considerable deformation to softer samples (10-100 ym deformation was observed
depending on the sample thickness and stiffness). We then performed a 4-step stress-
relaxation protocol in indentation with 5% strain and 15-minute relaxation time at each
step. In the compression phase of each stress-relaxation step, a strain rate of 100%/s
was applied to obtain the maximum force where fluid pressure is high and altered
collagen-fluid interaction can be detected. The same strain rate has also been used in
previous studies 810, It also is in the strain rate region that known to occur during daily
activities '. The multi-step protocol was chosen to investigate non-linear properties of
cartilage, while less than 20% total strain should not cause damage to the tissue 38,
The relaxation time (i.e. 15 minutes) was based on our preliminary test as well as
previous studies 2*. Preliminary test showed that 15-minute relaxation time is
adequate to let our sample reach to equilibrium phase. The stress-relaxation protocol
was followed by a sinusoidal test (i.e. the total tissue strain was 20%) with a 2% strain
amplitude (from the remaining thickness) at frequencies of 0.005, 0.05, 0.1, 0.25, 0.5,
0.625, 0.833 and 1 Hz. Based on earlier studies '3, this frequency range was
assumed to show changes in the dynamic modulus and phase difference, especially

at low frequencies.



Accordingly, dynamic moduli at each frequency (Eqyn), phase differences at each
frequency (6), equilibrium modulus (E¢q), initial instantaneous modulus (EL ) and
strain-dependent instantaneous modulus (E};,;) were calculated. A fibril-reinforced
poroelastic (FRPE) finite element model was used to determine the non-fibrillar matrix
modulus (Ey), initial (EY) and strain-dependent (Ef) fibril network moduli, initial
permeability (k,) and permeability strain-dependency coefficient (M). The details of
the FRPE material model and determination of the FRPE material properties of the

samples are presented in our previous study 3.
Justification for choosing three slices

Based on our preliminary analysis we observed that 3 sections give a consistent result
within a sample (standard deviation normalized by mean < 0.1). The image below is
to show the average and standard deviation profiles of three slices of a randomly
selected sample. As can be seen clearly from this figure, the standard deviations are
quite small (standard deviation normalized by mean < 0.1), supporting that three slices
should be sufficient to provide a meaningful average. We can see the same behavior

in all samples.
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Figure S1: The average profile (solid blue line) and standard deviation (dashed red lines) of proteoglycan

content, collagen orientation angle and collagen content of three slices of a randomly selected sample
(OARSI = 1).



Statistical analyses

First, the thickness of the tissue was normalized to conduct the analyses in a depth-
wise manner (0 = cartilage surface and 1 = cartilage-bone interface). Then, the depth-
wise changes in the cartilage structure and composition were compared between
different OA groups using a linear mixed model. By a proper selection of random
effects, this method can account for the possible interrelations between the samples,
which may occur since some samples were harvested from the same cadaver. In the
model, subjects in each group were selected as a random effect and the OA group
(healthy, early OA or advanced OA) was set as a fixed variable. Bonferroni adjustment
was conducted for multiple comparisons to obtain conservative estimates for
statistically significant differences between the groups. In addition, a statistical power
analysis was conducted (OpenEpi, V3.01, Open Source Epidemiologic Statistics for
Public Health, www.OpenEpi.com) to elucidate the strength of the statistical

conclusions and the effect of the sample size.

Furthermore, a linear multivariable regression analysis was conducted to evaluate
structure-function relationships. In this analysis, the elastic, viscoelastic, as well as the
constituent-specific (FRPE) material parameters of cartilage, were evaluated as
dependent variables and PG content, collagen orientation angle and collagen content
as predictors. Finally, Spearman’s rank correlation analysis was conducted to evaluate
if there is a monotonic rank correlation between the constituent-specific material
parameters and structure and composition. This was justified as the functional
properties may not be linearly dependent on the composition and structure. In all
analyses, p < 0.05 was considered statistically significant. Statistical analyses were
performed by IBM SPSS Statistics (version 25, IBM Corporation, Armonk, NY, USA).



Results

The scatter plots of model-derived material parameters and structure/composition:
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Figure S2: The linear and monotonic correlation coefficient of FRPE material parameters with structure

and composition of cartilage



The multivariable regression analyses of mechanical parameters and

structure/composition at various tissue depths (0-5 %, 0-15, 0-20 %, 0-50%):

Table S1: The linear regression coefficients of structural and compositional properties (0-5% and 0-15
% of the tissue thickness) with the mechanical material parameters (*** p< 0.001, ** p <0.01, * p <0.05)

= o Standardized regression coefficient B
oo
g E Tissue thickness at 0-5% Tissue thickness at 0-15%
§ g Adjusted PG o(r:iglri?agt?:n Collagen | Adjusted PG o(r:izlri?gt?;n Collagen
R2 content content R2 content content
angle angle
EP 0.30 0.37* 0.31 0.08 0.43 0.49** -0.34 0.11
Ef 0.20 -0.33 -0.31 0.09 0.02 -0.12 -0.29 0.15
Ep¢ 0.23 0.41* -0.32 0.07 0.41 0.57** -0.27 0.18
ko 0.10 -0.27 0.02 0.17 0.02 -0.32 0.07 0.17
M 0.10 -0.06 -0.31 0.04 0.08 -0.12 -0.18 0.15
Eeq 0.48 0.51** -0.37* 0.02 0.60 0.69*** -0.31* 0.09
ES 0.38 0.43* -0.38* -0.02 0.46 0.56** -0.37* 0.05
Efs 0.1 -0.17 -0.37 0.16 0.13 0.05 -0.39 0.19
E 0.18 ~ 0.21 ~ -0.43* ~ 0.04 ~ 0.38 ~ 0.45** ~ -0.41* ~ 0.12 ~
dyn 0.22 0.22 -0.47* 0.06 0.42 0.43** -0.44** 0.13
6 0.005 0.40 -0.40* 0.04 0.55** 0.36 -0.36* 0.1 0.55**
0 0.09 ~ -0.07 ~ 0.36 ~ 0.23 ~ 0.07 ~ -0.16 ~ 0.36 ~ 0.23 ~
! 0.17 -0.17 0.41 0.34 0.28 0.24 0.41* 0.34

E?: initial fibril network modulus, Ef: strain-dependent fibril network modulus, E,: non-fibrillar matrix
modulus, k,: initial permeability, M: permeability strain-dependency coefficient, Eq: equilibrium
modulus, E,: initial instantaneous modulus, Ef,: strain-dependent instantaneous modulus, Egyy,:
dynamic moduli at frequencies 0.005, 0.05, 0.1, 0.25, 0.5, 0.625, 0.833 and 1 Hz, 60.005. phase
difference at 0.005 Hz, 6;: phase differences at frequencies 0.05, 0.1, 0.25, 0.5, 0.625, 0.833 and 1
Hz



Table S2: The linear regression coefficients of structural and compositional properties (0-20% and 0-
50 % of the tissue thickness) with the mechanical material parameters (*** p< 0.001, ** p < 0.01, *p <
0.05)

= Standardized regression coefficient

o 9

% E Tissue thickness at 0-20% Tissue thickness at 0-50%

Q © . Collagen . Collagen

© > Adjusted PG 8 ; Collagen | Adjusted PG . ; Collagen

o R? content orientation content R2 content orientation content

angle angle

Ef“ 0.45 0.52** -0.35* 0.13 0.38 0.42* -0.35* 0.26
Ef 0.01 -0.01 0.30 0.14 0.07 0.26 -0.25 0.19
Eqf 0.48 0.61*** -0.25 0.15 0.37 0.54** -0.22 0.24
ko 0.03 -0.34 0.05 0.16 0.03 -0.34 -0.06 0.17
M 0.01 -0.13 -0.17 0.20 0.19 0.23 -0.29 0.38*
Eeq 0.63 0.74*** -0.27* 0.13 0.58 0.70*** -0.25 0-25
Elq 0.45 0.60*** -.035* 0.09 0.35 0.51** -0.35* 0.16
st 0.18 0.16 -0.42* 0.19 0.28 0.32 -0.37* 0.32
E 0.46 ~ 0.53** ~ -0.41* ~ 0.14 ~ 0.46 ~ 0.53** ~ -0.40* ~ 0.14 ~
dyn 0.54 0.54** -0.44** 0.15 0.48 0.54** -0.44* 0.15

6 0.005 0.30 -0.36* 0.01 0.52** 0.20 -0.24 0.08 0.49*
o 0.19 ~ -0.25 ~ 0.36 ~ 0.21 ~ 0.29 ~ -0.34 ~ 0.26 ~ 0.25 ~

' 0.29 -0.38* 0.47* 0.32 0.36 -0.44* 0.34* 0.30

E?: initial fibril network modulus, Ef: strain-dependent fibril network modulus, E,: non-fibrillar matrix
modulus, k,: initial permeability, M: permeability strain-dependency coefficient, Eq: equilibrium
modulus, EQ,: initial instantaneous modulus, Ef,: strain-dependent instantaneous modulus, Egyy,:
dynamic moduli at frequencies 0.005, 0.05, 0.1, 0.25, 0.5, 0.625, 0.833 and 1 Hz, 6¢.005. phase
difference at 0.005 Hz, 6;: phase differences at frequencies 0.05, 0.1, 0.25, 0.5, 0.625, 0.833 and 1
Hz



The multivariable regression analyses of phase differences (6) and
structure/composition:
Table S3: The linear regression coefficients of phase differences and structural and compositional

properties of the superficial (0-10% of the tissue thickness) and whole tissue (*** p< 0.001, ** p < 0.01,
*p <0.05)

= o Standardized regression coefficient
[T
'08) @ Superficial layer (0-10%) Whole tissue (0-100%)
§ g Adjusted PG o(r:iglrt?gﬁ:n Collagen | Adjusted PG o(r:izlr!?agt?;n Collagen
R? content angle content R? content angle content
0 005 0.19 -0.24 0.38* 0.35 0.43 -0.51** 0.26 0.37
001 0.12 -0.16 0.41* 0.23 0.39 -0.53** 0.27 0.29
0025 0.12 -0.15 0.36 0.22 0.40 -0.53** 0.24 0.32
Oos 0.12 -0.09 0.37* 0.22 0.35 -0.48** 0.27 0.32
0 0625 0.10 0.17 0.30 0.17 0.44 -0.58** 0.22 0.31
0 0833 0.24 -0.02 0.41* 0.19 0.49 -0.59*** 0.31 0.29
010 0.18 -0.14 0.41* 0.18 0.46 -0.58** 0.29 0.29




The statistical power analyses for group-wise comparisons:

Table S4: The power analyses for statistically significant linear mixed model parameters

Statistical significance

Parameter Observed power t
p-value
E? (initial fibril network modulus) 0.001 0.975
E2 4 (initial instantaneous modulus) 0.00002 0.999
Ey¢ (non-fibrillar matrix modulus) 0.0002 0.991
E.q (equilibrium modulus) 0.000003 0.999
Superficial proteoglycan content
. .967
(0-10% tissue thickness) 0.001 0.96
Superficial collagen orientation angle
(0-10% tissue thickness) 0.002 0.938

T Observed power calculated using alpha = 0.05



Table S5: The power analyses for group-wise comparisons (i.e. healthy versus OA groups) in
statistically significant linear mixed models

Statistical significance

Parameter Post-Hoc test Observed power t
p-value
Healthy Vs. Early OA 0.009 0.47
Ef
(initial fibril network ~ Healthy Vs. Advanced OA 0.004 0.70
modulus)
Early OA Vs. Advanced OA 0.99 0.15
Healthy Vs. Early OA 0.0002 0.77
Ei(I)ISt
(initial instantaneous  Healthy Vs. Advanced OA 0.00001 0.84
modulus)
Early OA Vs. Advanced OA 0.99 0.12
Healthy Vs. Early OA 0.003 0.54
En (non-fibrillar o hy Vs, Advanced OA 0.0001 0.69
matrix modulus)
Early OA Vs. Advanced OA 0.99 0.55
Healthy Vs. Early OA 0.000002 0.82
E ilibri
eq (aUilibrium — ithy Vs. Advanced OA 0.0003 0.97
modulus)
Early OA Vs. Advanced OA 0.33 0.56
Healthy Vs. Early OA 0.003 0.68
Superficial
proteoglycan content
(0-10% tissue Healthy Vs. Advanced OA 0.001 0.61
thickness)
Early OA Vs. Advanced OA 0.99 0.12
Healthy Vs. Early OA 0.07 0.77
Superficial collagen
orientation angle
(0-10% tissue Healthy Vs. Advanced OA 0.0003 0.99
thickness)
Early OA Vs. Advanced OA 0.165 0.79

T Observed power calculated using alpha = 0.05



Discussion

The frequency regime used in the study ranged from 0.005 to 1 Hz, but we also
collected data at 2 Hz. This frequency range is physiologically relevant as the
frequencies of loading on cartilage for daily routine activities range from very low
frequencies (representing e.g. standing with an occasional shift of weight) to 3.5 Hz
for running ', with a typical walking frequency of ~ 0.4-2 Hz '2. However, as the contact
between the sample and indenter was not appropriate during the unloading phase at
frequencies over 1 Hz (i.e. the reaction force measured by the load-cell dropped to
zero), we were not able to obtain reliable data from higher frequencies. Moreover, we
observed that the phase difference and dynamic modulus reached a plateau at around
0.1 Hz, suggesting that the dynamic properties would be similar at frequencies higher
than 1 Hz. In fact, we checked the results just from the loading phase of the sinusoidal
data, and the dynamic modulus at 2 Hz was the same as that at 1 Hz. We analyzed
also fluid pressure as a function of frequency by using a fibril-reinforced poroelastic
model of a healthy sample (Figure S3). It follows the change in dynamic modulus.
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Figure S3: Fluid pressure as a function of frequency as predicted by the fibril-reinforced poroelastic FE
model (material parameters from a healthy cartilage sample).

In our previous study 3, we observed smaller strain-dependent fibril network modulus
in the OARSI grade 0 group than that in the rest of the OARSI grade groups. We
presumed that this is due to the more homogenous structure in the OARSI 0 samples.
Based on the findings of this study, the negative rank correlation between the collagen
orientation angle and the strain-dependent fibril network modulus (and similarly the

strain-dependent instantaneous modulus) suggest that collagen disorganization is a



dominant factor to modulate the strain-dependent fibril network modulus. In the
superficial layer of the healthy samples, the collagen fibrils were more tangentially
oriented (more homogenous superficial structure). In the OA groups, however, the
collagen disorganization leads to structural nonhomogeneity. With a greater degree of
the collagen disorganization, especially at the superficial and middle/transient layers
of OA samples compared to healthy ones, initially, the collagen fibrils resist less tensile
stresses as they are progressively recruited (which leads to higher strain-dependent
fibril network modulus). However, in the homogenous tissue, the fibrils are likely to be
recruited once the tissue is compressed (which is reflected in greater initial fibril
network modulus). Therefore, the strain-dependent fibril network modulus was lower
in the OARSI 0 grade group.
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