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Objective: The composition and structure of articular cartilage evolves during the development and
progression of osteoarthritis (OA) resulting in changing mechanical responses. We aimed to assess the
evolution of the intrinsic, large-strain mechanics of human articular cartilageegoverned by collagen and
proteoglycan and their interactionseduring the progression of OA.
Design: We completed quasi-static, large-strain shear tests on 64 specimens from ten donors undergoing
total knee arthroplasty (TKA), and quantified the corresponding state of OA (OARSI grade), structural
integrity (PLM score), and composition (glycosaminoglycan and collagen content).
Results: We observed nonlinear stressestrain relationships with distinct hystereses for all magnitudes of
applied strain where stiffnesses, nonlinearities, and hystereses all reduced as OA advanced. We found a
reduction in energy dissipation density up to 80% in severely degenerated (OARSI grade 4, OA-4) vs
normal (OA-1) cartilage, and more importantly, we found that even cartilage with a normal appearance
in structure and composition (OA-1) dissipated 50% less energy than healthy (control) load-bearing
cartilage (HL0). Changes in stresses and stiffnesses were in general less pronounced and did not allow
us to distinguish between healthy load-bearing controls and very early-stage OA (OA-1), or to distinguish
consistently among different levels of degeneration, i.e., OARSI grades.
Conclusions: Our results suggest that reductions in energy dissipation density can be detected by bulk-
tissue testing, and that these reductions precede visible signs of degeneration. We highlight the potential
of energy dissipation, as opposed to stress- or stiffness-based measures, as a marker to diagnose early-
stage OA.

© 2019 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
Introduction

Osteoarthritis (OA) initiates with deaggregation of glycosami-
noglycans (GAGs), increased osmotic pressure1, and softening of the
collagen network2. Subsequently, chondrocytes “activate” and in-
crease production of both matrix proteins and matrix degrading
enzymes3,4. The permeability of cartilage also increases in OA,
subsequently reducing the tissue's ability to generate and maintain
hydrostatic pressure under load5,6. Furthermore, OA cartilage pre-
sents changes in zonal thicknesses and fiber orientations visible
with both polarized light microscopy7 and small angle X-ray
: D.M. Pierce, University of
Storrs, CT, USA.
ierce).

ternational. Published by Elsevier L
scattering8. These changes in themechanics of the tissue eventually
exacerbate initial SZ collagen fibrillation into surface fissures, ma-
trix loss, and erosion9.

Such changes to the tissue's composition and structure also lead
to altered mechanical responses typical of OA. Franz et al.10 and
Garcia-Seco et al.11 showed changes in both structural integrity and
composition correlated (respectively) with cartilage softening
measured by indentation. Similarly, Robinson et al.12 demonstrated
that cartilage under large strain compression (up to 30%) softens
with the onset of OA. These studies used loading rates resembling
those in vivo, where poroelastic effects (i.e., pressure in the inter-
stitial fluid) dominate the mechanical responses, and did not
investigate the decoupled mechanical response of the solid
constituents.

Any mechanical changes in cartilage might be exploited as
biomechanical markers for detection of OA. For human OA cartilage,
td. All rights reserved.
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Kleemann et al.13 showed the equilibrium modulus, measured in
unconfined compression, reduced with increasing degeneration, a
significant difference for severe late-stage OA vs healthy control
tissue, but not for mild OA (ICRS grade 1) vs healthy control (ICRS
grade 0). Similarly, Kumar et al.14 showed the parameters resulting
from a time-dependent viscoelastic model fitted to indentation
tests on progressively osteoarthritic cartilage correlated with
degeneration, but also could not resolve the early stages of OA. In
both studies the use of ICRS grading to quantify the progression of
OA may have contributed to lack of sensitivity in detecting early-
stage OA. ICRS grading focuses on macroscopic appearance and
may not adequately capture pathological changes relevant to
changes in mechanical properties, e.g., PG depletion. Use of alter-
native methods to quantify the progression of OA, especially those
designed to distinguish among early stages of OA, i.e., the OARSI
grading method15, could aid in better understanding of initiation of
OA.

Chan et al.16 experimentally demonstrated that shear strains
(approaching 12%) generally exceeded compressive strains under
in vivo compression, highlighting the need to understand cartilage
mechanics in large-strain shear; however, few studies have inves-
tigated degraded or diseased cartilage under shear. Only Wong
et al.17 tested human OA cartilage under large-strain shear and re-
ported increased strains near the articular surface. This study
focused on the frictional properties of OA cartilage and restricted
the articular surface using only friction of the opposing surface,
making the applied deformation difficult to control and perhaps
affecting the measured bulk shear properties.

There is a clear need to investigate the evolution of large-strain
cartilage mechanics associated with early-stage OA to 1) better
understand disease initiation and progression (to identify possible
treatment targets), 2) identify potential biomarkers for OA diag-
nosis (to test therapeutics), and 3) calibrate and validate advanced
constitutivemodels (to better predict the initiation and progression
of OA18).

In this study we quantify the evolution of the intrinsic, large-
strain mechanics of the solid constituents of human articular
cartilage, i.e., collagen and proteoglycan and their interactions19,20,
during the progression of OA as determined by OARSI grading. We
correlate the evolution of measured bulk mechanical properties
with measures of disease progression, structural integrity, and
cartilage composition, and compare against results from healthy
control cartilage (previously published in Maier et al.21) for context.
Materials and methods

Using a triaxial shear testing device (Messphysik, Fuerstenfeld,
AT) we completed displacement-driven, large-strain tests on 64
specimens of progressively osteoarthritic human articular cartilage
(following Maier et al.21) as determined by both the OARSI grade
and the PLM-CO score (cf. Table AIII).
Preparation of specimens

We harvested ten lateral femoral condyles (three male and
seven female, aged 65.8±12.5 years) from patients undergoing total
knee arthroplasty (TKA) at Hartford Healthcare Bone & Joint
Institute. We kept the condyles submerged in PBS at 4+C until we
prepared specimens in our lab (within 8 h of extraction); thereafter
we stored the specimens submerged in PBS at � 80+C until me-
chanical testing.
We first determined the split-line direction (SLD, Below et al.22)
by pricking the articular surface with a needle dipped in India ink.
We then extracted pairs of specimens from various load-bearing
regions23,21 locations across the donor joint e one for histological
assessment (Section Histological assessment) and quantification of
constituents (Section Quantification of constituents) and the sec-
ond, directly adjacent, for mechanical testing (cubiod, 3 � 3 mm2

footprint, full thickness and with one edge aligned parallel to the
local SLD if distinctly present; Section Triaxial shear test). For
specimens dedicated to mechanical testing we carefully removed
the underlying trabecular bone and sufficient subchondral bone
both to create a surface parallel to the articular surface and to
ensure the intact cartilageebone interface mimicked the in situ
boundary conditions while testing24. We fixed the specimens for
histological assessment in 10% neutral buffered formalin.
Histological assessment

After decalcification in 0.5 M EDTA for 1 week, we embedded
the specimen in paraffin and sectioned at 6 mm. To quantify overall
cartilage health, we stained slides with Safranin-O fast green
(Novaultra Safranin O stain kit, IHC World, Ellicott City, MD) and
then applied the OARSI grading method15. Two independent,
trained observers (FM, DP) determined the local OARSI grade, and
we considered specimens ranging from OARSI grade 1 (normal) to
4.5 (severe disease) for mechanical testing. We binned the speci-
mens into four groups based on their OARSI grade: normal (OA-1,
grade ˂ 2), mild (OA-2, 2� grade ˂ 3), moderate (OA-3, 3� grade ˂ 4),
and severe (OA-4, grade � 4) OA.

To assess the integrity of the zonal architecture, i.e., heteroge-
neity in the network of collagen fibers, we stained additional slides
with PicroSirius red (Novaultra Sirius red stain kit, IHC World) and
examined these under polarized light. Two independent, trained
observers (FM, LM) quantified the zonal architecture using the
PLM-CO score25. This score uses an ordinal scale, ranging from
disorganized (score 0) to that resembling a healthy control zonal
architecture (score 5). We binned the specimens into two groups
based on their PLM-CO score: specimens with evident zones (EZ,
PLM-CO > 3) and specimens without (NZ, PLM-CO ˂ 3).

If necessary to image an entire specimen, we acquired multiple
images and stitched them together using the MosaicJ plugin for
ImageJ (1.51n, National Institutes of Health, Bethesda, MD).
Quantification of constituents

To quantify the mass fractions of the constituents, we sectioned
cartilage specimens fixed for long-term storage, and we then
deparaffinized and dried the specimens, removed any subchondral
bone, and measured their dry weights. We then rehydrated the
specimens with a decreasing alcohol series to PBS26, and measured
the wet weight. We completed digestion and analyses using a
Glycosaminoglycan Assay Kit (6022, Chondrex, Redmond, WA) and
a Hydroxyproline Assay Kit (6017, Chondrex). For analyses we used
approximately 10 mg of tissue, solubilized in 1.25 ml digestive so-
lution (125 mg/ml Papain (60,224, Chondrex) in PBS at pH 6.3 with
5 mM L-cystein-HCL and 10 mM EDTA-2Na), incubated at 65�C for
36 h. We then centrifuged this solution at 10,000 rpm for 5min and
transferred the supernatant for analyses with the GAG assay. After
determining the GAG concentration, we hydrolyzed 100 ml of the
dissolved tissue in 10 N hydrochloric acid and quantified hy-
droxyproline concentration. We multiplied this concentration by
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7.4 to get total collagen (following the protocol from Chondrex). We
reported all concentrations per wet and dry weight.
Fig. 1. Schematic visualization of energy-dissipation density (EDI), peak-to-peak shear
stress (tPP), and peak effective shear modulus (GPE) applied to our shear testing data.
Triaxial shear test

We used our testing device and protocol as previously described
in Maier et al.21. Briefly, we performed quasi-static (75 mm/min)
cyclic simple shear tests, both parallel and perpendicular to the
local SLD (when present), on cartilage specimens under 1% pre-
compression. To improve adherence, we glued specimens to poly-
methyl methacrylate (PMMA) platens which we glued to stainless
steel platens using cyanoacrylate gel. At each phase of the test we
allowed specimens to equilibrate, i.e., after gluing, after applying
precompression, and when changing the loading direction for
2,000, 4,000, and 600 s respectively. We applied maximum dis-
placements corresponding to shear strains of ±5%, ±10%, ±15%, and
±20% (with respect to the undeformed thickness) for six cycles per
direction and measured the corresponding reaction forces in time.
We completed all tests in a bath of PBS at 37±1+C including anti-
biotics (100 U/ml penicillin and 100 mg/ml streptomycin) and
protease inhibitors (Sigma Aldrich, St. Louis, MO) to avoid tissue
degeneration.
Data analyses

We calculated the shear strain g and corresponding shear stress
t as

g ¼ Dl
L

and t ¼ f
A
; (1)

where Dl is the applied displacement, L is the undeformed thick-
ness of the specimen, f is the measured force, and A is the cross-
section (footprint) of the specimen parallel to the measured force.
For subsequent analyses we calculated the strain-energy dissipa-
tion density (EDI) and the peak-to-peak shear stress (tPP) at each
applied strain magnitude as

EDI ¼
I gmax

gmin

tdg; (2)

and

tPP ¼ tðgmaxÞ � tðgminÞ; (3)

where gmax and gmin are the maximum and minimum shear strain
of a given loading cycle. We also calculated the peak effective shear
modulus (GPE) by progressively finding the slopes of linear least-
squares fits over ten progressive data points along our
stressestrain loading curves27. For each applied strain magnitude,
we determined both the positive and negative slopes as

Gþ=� ¼ tave
gave

; where
�
for þ; tave � 0 and gave � 0
for �; tave <0 and gave <0

; (4)

for all linear fits along each loading curve, and where tave is the
vertical projection of the best-fit line and gave is the complemen-
tary horizontal projection. After determining the maximum posi-
tive and negative slopes, Gþ

max and G�
max, we averaged them to

obtain the peak effective shear modulus GPE at each strain magni-
tude. Figure 1 illustrates our mechanical data analyses. In our tests
the force responses were repeatable after three preconditioning
cycles, and we averaged all calculated values over the next three
loading cycles.

We completed all calculations using MATLAB R2017a (The
MathWorks Inc., Natick, MA), cf21.

Statistical analyses

We determined the minimum number of specimens for each OA
group (n ¼ 5) using a power analysis based on our data from a
preliminary experiment. This minimum number provides a power
of 84.6% for predicting a 50 kPa change in peak-to-peak shear
stresses with an estimated standard deviation of 20 kPa and with a
95% level of significance.

First, using a ShapiroeWilk test, we confirmed that the outputs
of our mechanical data analyses were normally distributed. To
validate inter-observer agreement in our application of the OARSI
and PLM-CO grading methods we calculated the linear weighted
Cohen's kappa coefficient k. Furthermore, we used an ordinal
regression to see how OA (OARSI grade) affects structure (PLM
score). To probe for anisotropy, we used the Wilcoxon RankeSum
test to compare mechanical responses parallel and perpendicular
to the local SLD. To probe for effects from progressing OA, we
conducted KruskaleWallis tests on composition (proteoglycan and
collagen content), structure (PLM-CO score, thickness), and me-
chanics (EDI, tPP, GPE) of cartilage gathered from OA knees (OA-1
to -4).

To further assess influence of OA, we used data from young,
healthy control cartilage (30.2 ± 8.8 years), published in our pre-
vious work21, as a benchmark. Data on healthy control cartilage
corresponds to load-bearing at 0� knee flexion (HL0, n ¼ 6) and
non-load bearing, i.e., covered by the menisci, (HNL, n ¼ 6) regions.
These data represent upper and lower bounds on healthy cartilage,
as they are the stiffest and softest healthy adult cartilage from the
lateral condyles.

When we identified significant correlations, we used pairwise
comparisons (two-tailed Student's t-test or Wilcoxon RankeSum
test, depending on normality) to identify significant differences
within OA groups (number of comparisons m ¼ 6) and to compare
OA groups to healthy controls (m ¼ 4). We assessed the influence of



Fig. 2. Representative shear stressestrain plots of normal (OARSI grade 1) and severely degenerated (OARSI grade 4) specimens (a) parallel and (b) perpendicular to the local split-
line direction.
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proteoglycan and collagen content, age, and thickness on our me-
chanical metrics using Pearson's (Spearman's) correlation coeffi-
cient r (rS) (m ¼ 4). We used a ¼ 0:05 to test for significance and
adjusted this for our multiple comparison tests using the Holm-
Bonferroni method (a ¼ 0:05=m).

We completed all statistical analyses using SAS 9.4 (SAS Institute
Inc., Cary, NC).
Results

We completed a total of 512 shear tests using 64 specimens. We
show representative shear stressestrain plots comparing speci-
mens with OARSI grade 0 and OARSI grade 4 in Fig. 2. We observed
nonlinear stressestrain relationships with distinct hystereses for all
magnitudes of applied strain where stiffness, nonlinearity, and
hysteresis reduce with advancing OA.

Thirty of our cartilage specimens showed signs of mechanical
failure during testing (two at 10%, six at 15%, and 23 at 20%
applied strain), visible as an instant drop in the measured force
Fig. 3. Representative histological slides stained with Safranin-O fast green for assessing the
intact surface and proteoglycan (PG) content, (b) OARSI grade 2 (OA-2) e increased surface r
PG, and (d) OARSI grade 4 (OA-4) e severe surface disruption and loss of PG. PG stains red
response, and we excluded these data from our analyses. We
provide a detailed summary relating each mechanical test
(applied strain magnitude) to the patient number and OARSI
grade in Table AIII.
Histological assessment

We show representative images of Safranin-O stained histo-
logical slides and PicroSirius-red stained slides under polarized
light in Figs. 3 and 4, respectively.

Our OARSI grading resulted in nOA�1 ¼ 19, nOA�2 ¼ 25, nOA�3 ¼
14, and nOA�4 ¼ 6 specimens per binned group. Intra-observer
agreement was k ¼ 0:81 for unbinned grades and k ¼ 0:97 for
binned grades. Our PLM-CO scoring resulted in n5 ¼ 5, n4 ¼ 9, n3 ¼
15, n2 ¼ 28, and n1 ¼ 4, with k ¼ 0:68 (unbinned) and k ¼ 0:92
(binned). For our subsequent analyses we averaged the grades/
scores from both observers and assigned them to a bin (group), cf.
Section Statistical analyses. Normal cartilage specimens (OA-1) had
severity of osteoarthritis using the OARSI grading method: (a) OARSI grade 1 (OA-1) e
oughness and loss of PG, (c) OARSI grade 3 (OA-3) e vertical fissures and greater loss of
. We acquired images at 35 � magnification and bars indicate 500 mm.



Fig. 4. Representative histological slides stained with PicroSirius red and visualized under polarized light for assessing the structural integrity using the PLM-CO scoring method: (a)
PLM-CO score 5 e healthy zonal architecture, (b) PLM-CO score 4 e proportional but laterally heterogeneous zones, (c) PLM-CO score 3 e present but disrupted through-thickness
proportions of zones, (d) PLM-CO score 2 e intact deep zone but missing other zones, and (e) PLM-CO score 1 e present but underdeveloped (˂ 50% of thickness) deep zone. Bright
yellow indicates areas with fibers aligned parallel to the articular surface, black indicates randomly isotropic alignment, and bright blue-green indicates areas with fibers aligned
perpendicular to the surface. We acquired images at 35 � magnification and bars indicate 500 mm.
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significantly higher PLM-CO scores vs progressively osteoarthritic
specimens; see Fig. 5(a).

We found no significant differences in cartilage thicknesses
binned by OARSI grades and PLM-CO scores, and compared to
healthy controls (not shown); see Fig. 5(b).
Quantification of constituents

GAG concentration per wet weight significantly reduced with
increasing OARSI grade, i.e., degeneration (r ¼ � 0:4858;
P <0:0001); see Fig. 5(c). Our pairwise comparisons showed that
normal cartilage (OA-1) presents a 17% (P ¼ 0:0085) and 33% (P ¼
0:0007) higher GAG concentration per wet weight than moderate
(OA-3) and severely degenerated (OA-4) cartilage, respectively, and
that mildly degenerated tissue (OA-2) has a 25% (P ¼ 0:0092)
higher concentration than severely diseased (OA-4) cartilage. Total
collagen concentration by wet weight showed no significant
dependence on progressing OA; see Fig. 5(d).

GAG concentration per dry weight followed qualitatively the
same trends as per wet weight, i.e., a significant reduction in dry
weight with increasing OARSI grade (r ¼ � 0:4250; P ¼ 0:0006).
Conversely, collagen concentration per dry weight with increasing
OARSI grade (r ¼ 0:4250;P ¼ 0:0006).
Mechanical anisotropy

Data collected from specimens with a distinct SLD (n ¼ 52)
showed anisotropic responses in EDI at 5% (P ¼ 0:0029), 10% (P ¼
0:0425), and 20% (P ¼ 0:0059) applied strains, and tPP (P ¼
0:0392) and GPE (P ¼ 0:0044) at 20% applied strain. If anisotropic,
cartilage dissipated on average more energy and was stiffer in the
SLD; see Table I. Data collected from specimens not presenting a
distinct SLD (n ¼ 12) did not show a dependence on direction.

In light of the mild anisotropy (if present), and to increase statis-
tical power, we averaged the data from our two perpendicularly ori-
ented shear tests and binned all of our data for subsequent analyses.
Degeneration

The KruskaleWallis test confirmed significant differences in
mechanics among OARSI groups and vs our healthy benchmark
data. We show EDI, tPP, and GPE summarized across all ten donors
and binned by grades (including benchmarks) in Fig. 6(aec).
Table I
Values of significant differences in strain-energy dissipation densities (DEDI), peak-
to-peak shear stresses (DtPP), and peak effective shear modulus (DGPE) measured at
shear strains g applied both parallel and perpendicular to the local split-line di-
rection given as predicted median and 95% confidence interval. The percent differ-

ence is
DW

medianðW∧Þ� 100, where medianðW∧Þ is the median value from data in the

perpendicular direction

g (%) 5 10 20
% 15.57 10.20 10.80
DEDI (mJ=mm3) 0.1099 0.2791 1.056
CI (0.0422,0.1763) (0.02051,0.5377) (0.02124,2.091)
P 0.0019 0.035 0.0327
% 14.74
DtPP (kPa) 34.94
CI e e (3.556,66.33)
P 0.0308
% 23.95
DGPE(kPa) 253.9
CI e e (88.13,419.7)
P 0.0045
Within the OA groups we found that severely degenerated
cartilage (OA-4) dissipated less strain energy and showed reduced
peak-to-peak stresses and reduced peak-effective shear moduli vs
normal OA tissue (OA-1). Healthy (control) load-bearing cartilage
(HL0) dissipated significantly more strain energy vs any cartilage
originating from a diseased knee (OA-1 to -4). Non-load-bearing
cartilage (HN) dissipated more energy than mildly to severely
degenerated cartilage (OA-2 and -4) at some applied strain levels.
Peak-to-peak shear stresses tPP from healthy load-bearing cartilage
(HL0) were significantly higher vs those from mildly to severely
degenerated cartilage (OA-2 and -4). Peak-to-peak shear stresses
were not significantly different between healthy non-load-bearing
cartilage (HN) and degenerated cartilage (any). Healthy load-
bearing cartilage was only significantly stiffer (GPE) than severely
degenerated cartilage at larger applied strains (15e20%). Normal
cartilage from an OA joint (OA-1) had a significantly stiffer response
than severely degenerated cartilage at 5, 15, and 20% applied strain
and was only stiffer than cartilage with mild (OA-2) and advanced
degeneration at 5% and 15%, respectively.

In Appendix (A), we report all the quantitative data for
Fig. 6(aec) in Table AIV, and percent and absolute differences of
shear strain-energy dissipations EDI, peak-to-peak shear stresses
tPP, and peak effective shear moduli GPE in Tables AV to AVII.

Structural integrity

The KruskaleWallis test confirmed significant differences in
mechanics among groups binned by PLM-CO score. We show EDI,
tPP, and GPE summarized across all ten donors and binned by PLM-
CO scores in Fig. 6(def). All mechanical measures (EDI, tPP, and GPE)
were 30e40% higher with the presence of zonal structure, indi-
cated by a higher PLM-CO score, consistent over all applied strain
magnitudes.

In Appendix (A), we report all the quantitative data for
Fig. 6(def) in Table AIV.

Collagen and proteoglycan content, thickness, and age

Total collagen content by wet weight, specimen thickness, and
patient age (as independent factors) did not correlate with any
mechanical measures (EDI, tPP, GPE). All mechanical measures,
except EDI at 5% and 10% applied shear strain, showed a weak to
moderate correlation with GAG content; see Table II. GAG concen-
tration by dry weight shows qualitatively the same correlations
with the respective mechanical measures as GAG by wet weight.
While all mechanical measures increase with increasing GAG
concentration, they similarly reduce with increasing collagen
content.

Thickness decreased significantly with age (r ¼ � 0:7041,
P <0:0001).

Discussion

This study is the first to quantify the mechanical properties of
progressively osteoarthritic human articular cartilage undergoing
large shear strains (up to 20%). Cartilage shows a nonlinear
stressestrain relationship with a distinct hysteresis for all magni-
tudes of applied strain (cf. Fig. 2), where shear strain-energy
dissipation, peak-to-peak shear stress, and peak effective shear
modulus progressively reduce with advancing OA.

Histological assessment

We found good inter-observer agreement for OARSI grades and
PLM-CO scores and had excellent agreement when comparing the
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Fig. 6. Box plots of the (a), (d) strain-energy dissipation densities (EDI), (b), (e) peak-to-peak shear stresses (tPP), and (c), (f) peak effective shear moduli (GPE) at all magnitudes of
applied strain across all donors and binned by OARSI grades (OA-1 to -4) in (aec) and binned by PLM-CO scores (� 3 or <3) in (def). As a benchmark, we include data from load-
bearing (HL0) and non-load-bearing (HN) locations within healthy young joints21. Bars labeled * indicate significant differences between groups (P <0:05). The number of * indicates
significance at that number of strain magnitudes, and we indicate the significant strain magnitudes, cf. Appendix (A). Red plus signs mark outliers calculated as Q3±1:5ðQ3 � Q1Þ,
where Q1 and Q3 denotes the 25th and 75th percentiles of the sample data, respectively.

Table II
Pearson's correlation coefficient r and P-values for significant correlations between
our mechanical measures (EDI, tPP, GPE) and GAG concentration

g (%) 5 10 15 20

EDI r e e 0.4342 0.4593
P 0.0016 0.0107

tPP r 0.4038 0.4541 0.4914 0.5973
P 0.0011 0.0003 0.0003 0.0005

GPE r 0.3717 0.3975 0.4034 0.5424
P 0.0029 0.0020 0.0037 0.0020
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binned groups (Section Statistical analyses). In light of the hetero-
geneous intra-joint progression of OA, we used OARSI grade as a
local measure of cartilage degeneration, vs the OARSI score, which
also includes a joint-scale measure of OA. Utilizing the OARSI
grading method also allowed us to resolve early stages of OA15.
Different quantification methods do show strong correlations, e.g.,
OARSI vs Mankin28, Mankin vs ICRS13, but they differ in terminol-
ogy and definitions of early-stage OA. For the subsequent com-
parisons, we interpret published results in the context of the OARSI
grade.
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We determined the PLM-CO scores based on digital images, and
if not clearly distinguishable, we directly observed slides under the
microscope, better allowing us to rotate them. We oriented the
slides shown in Fig. 4 to emphasize the main features for PLM-CO
scoring. We did not post-process (i.e., enhance contrast or manip-
ulate color) these PLM images, cf. Changoor et al.25. Binning our
PLM-CO scores by presence/absence of zonal structure, resulted in
two groups of equal size (� 3 or <3), improving statistical power
and allowing us to investigate the general influence of collagen
architecture. Our approach does not allow us to distinguish be-
tween different stages of structural degeneration.

Quantification of constituents

Both the GAG and total collagen content per wet weight we
report are within ranges reported previously10,29,1, as is the pro-
gression of these with OA, i.e., a progressive reduction in GAG
concentration and no significant change in collagen concentra-
tion30. The combined weight of GAGs and collagen accounts for the
strong majority of the total dry weight of cartilage31,32. Thus, sta-
tistics based on the constituents per dry weight does not allow
independent observations on the effects of GAG and collagen
concentrations, i.e., if GAG concentration reduces with degenera-
tion, collagen concentration must increase. The concentration of
water changes in cartilage as a function of OA1, thus concentrations
of the constituents calculated by wet weight carry essential infor-
mation regarding the integrity of cartilage. Fixation procedures
likely cause collagen cross-linking and may compromise the
capability of cartilage to rehydrate33e35. None-the-less all of our
samples underwent the same treatment, i.e., fixation, decalcifica-
tion, embedding, and storage; thus our results are self consistent.

Mechanical anisotropy

Shear strain energy dissipation correlated significantly with the
SLD at all magnitudes of applied shear strain (except at 15%),
indicating that dissipated energy is linked to organization of the
collagen network. The mechanical measures tPP and GPE also
correlated significantly with the SLD at larger strains (20%), similar
to healthy control tissue21. Quantifying mechanical anisotropy by
OARSI grade (results not shown) did not reveal consistent trends.
Anisotropy is more pronounced at the articular surface of healthy
cartilage36 due to the pronounced fiber alignment in the SZ. Using
cartilage specimens tested in unconfined compression Robinson
et al.12 reported a significant reduction in anisotropy near the
articular surface with increasing degeneration. Our shear test may
not reveal this change since we restrict the SZ in our experiment. Of
the 12 specimens without a clear local SLD, five presented OARSI
grade 2, five OARSI grade 4, and two OARSI grade 3, thus all showed
signs of degeneration. However, this is not necessarily a sign of
degeneration as even within healthy joints regions may show an
isotropic fiber distribution, i.e., no apparent SLD37.

Degeneration

Differences in the shapes of pieces of condyles obtained from
TKA may introduce uncertainty in determining load-bearing re-
gions within the lateral condyles. Thus, we chose to provide context
for our mechanical results with upper and lower bounds deter-
mined in our previous study using healthy cartilage21.

Energy dissipation in cartilage stems from interactions of the
fluid and solid phase, and from GAG-GAG and GAG-collagen in-
teractions20. The quasi-static design of our experiment excludes
fluidesolid interactions; thus our reported energy dissipation
originates from solidesolid interactions only. We found a reduction
in EDI up to 80% (cf. Table A5) in severely degenerated (OA-4) vs
normal (OA-1) cartilage, consistent with Abdel-Sayed et al.38. Using
enzymatic digestion as a model for OA, other researchers found
similar reductions in viscous effects: e.g., in coefficients of restitu-
tion39, phase-shift angles20, stress-relaxation times40, and storage
and loss moduli41. In contrast, Griffin et al.42 reported an increase in
energy dissipation with PG depletion. This contradiction might be
explained by differences in the test and enzymatic treatment pro-
tocols. Importantly, we found that even cartilage with a normal
appearance in structure and composition (OA-1) dissipated �50%
less energy than healthy (control) load-bearing cartilage (HL0). In
comparison to healthy non-load-bearing cartilage (HN), mildly
(OA-2) and severely (OA-4) degenerated cartilage showed a strain-
dependent reduction in dissipated energy of �50% and 70%
respectively. Furthermore, energy dissipation may play an impor-
tant role in maintaining an optimum temperature for chondrocytes
and chondrogenic expression43. Thus a strong reduction in the
ability of cartilage to dissipate energy in early-stage OAmay initiate
and/or accelerate a cascade of degeneration.

Stress- and stiffness-based measures allowed us to differentiate
degenerated cartilage (OA-2 to -4) as significantly softer than
healthy load-bearing (HL0) and normal (OA-1) cartilage. Our results
are consistent with the cartilage mechanics literature investigating
stress and stiffness and the general finding that those metrics are
not sufficient to detect the early onset of OA or to distinguish
consistently among different levels of degeneration,
e.g.,13,44,39,14. Differences in the mean ages of our diseased
specimens and our healthy controls might contribute to the
observed behaviors; however, two subsequent studies, one on the
effects of age45 and one on disease30, suggest that the latter ac-
counts for approximately 80% of the observed mechanical
softening.

Structural integrity

All of our reported mechanical measures decrease 30e40%
when the zonal architecture of cartilage becomes compromised.
However, all specimens obtained from TKAs (OA-1 to -4) showed
signs of remodeling in the SZ, i.e., a PLM score <546. showed that
energy dissipation is highest near the transition from SZ to MZ.
Thus, the �50% decrease in energy dissipation that we report be-
tween healthy load-bearing (HL0) and normal (OA-1) cartilage from
TKAs may originate from minute changes in the zonal architecture
near the articular surface.

Desrochers et al.47 found, using atomic force microscopy, that
the time-dependent mechanics of cartilage under cyclic compres-
sion are sensitive to changes associated with early-stage OA, and
they concluded that changes within the collagen network have a
greater effect than changes in the composition. We showed the
same effects by macro-scale measurements, thus highlighting the
potential for clinical application. Current instruments for arthro-
scopic indentation lack sensitivity to detect early-stage OA48,49. If
such instruments could be adapted to measure both the loading
and unloading response, a measure of energy dissipation may
realize this goal.

Collagen and proteoglycan content, thickness, and age

We found a weak to moderate correlation of all our mechanical
measures, except EDI at strain levels 5% and 10%, with GAG content.
The strong negative fixed charge of GAG molecules attracts fluid to
increase the osmotic pressure within the tissue and pre-tension the
collagen network. Thus both the network of collagen and the cor-
responding bulk tissue response appears stiffer50. We did not find
correlations between any of our mechanical measures and total
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collagen content, and collagen content did not significantly change
with progressing degeneration. This result emphasizes that
collagen structure and the zonal architecture play greater roles in
cartilage mechanics than does collagen content47.

We found no correlations between any of our mechanical
measures, nor the OARSI grades, and the thicknesses of our speci-
mens. This result confirms that specimen thickness is a poor pre-
dictor for cartilage health, cf. Guermazi et al.51. N.B. specimen
thickness can still be used to observe the progression of OA in
longitudinal studies if a healthy baseline is established52. We did
find that the reduction in specimen thickness correlated with age.

We did not find correlations between any of our mechanical
measures and age. Thus, OA-associated degeneration has a greater
effect than age on the mechanical behavior of cartilage, cf. Temple
et al.45.
Table AIII
Detailed summary relating each mechanical test (applied strain magnitude) to the
patient number and OARSI grade used for statistical analyses. A decreasing number
of tests across one row indicates that specimen(s) failed mechanically. The total
number of tests shown at the bottom is the number of data available for statistical
analyses at each strain magnitude

Patient OARSI Grade Specimens at applied strain g (%)

5 10 15 20

1 1 1 1 1 1
2 2 2 1 1
3 2 2 2 2
4 1 1 1 1

2 1 3 3 2 1
2 2 2 2 1
4 2 2 2 2

3 1 2 2 1 0
2 2 2 1 0
3 4 3 3 2

4 1 2 2 2 2
2 2 2 2 2

5 1 1 1 1 0
2 5 4 4 2
3 1 1 0 0
4 1 1 1 0

6 1 1 1 1 0
2 2 2 2 1
3 2 2 2 2

7 1 2 2 2 1
Limitations and outlook

We included only tissue from lateral femoral condyles although
degeneration generally presents first in the medial femoral
condyle53. However, the mechanical properties of cartilage from
the medial and lateral condyles are not significantly different54,27,
thus our findings should apply to both lateral and medial femoral
condyles.

Our mechanical results do not represent in vivo loading rates,
where healthy cartilage can generate substantial hydrostatic
interstitial fluid pressure. However, our results allow us to decouple
themechanical responses (solid vs fluid) and to investigate changes
in the bulk properties of the solid constituents, thus identifying
changes in the solid matrix that may be masked by alterations of
the permeability39. Cartilage stiffness, in both tension and
compression, is rate dependent but reaches a plateau if the rate of
applied deformation is sufficiently slow55,56. We found that rate to
be 75 mm/min for healthy control cartilage under simple shear,
Maier et al.21.

Our testing device did not allow us to identify the origins of
mechanical failures (we excluded these data from our analyses).
Inspections of the specimens confirmed that failures always
occurred near the articular surface, but we could not distinguish
between failure of the very soft cartilage near the surface and the
gluing interface itself.

We found that the progression of OA significantly changes the
mechanical responses of articular cartilage undergoing large-strain
shear deformations. Our results suggest that a reduction in energy
dissipation can be detected by bulk-tissue testing, and that this
reduction precedes visible signs of degeneration. This significant
reduction is associated with remodeling of the collagen network
and with alterations in the zonal architecture, rather than with
changes in cartilage composition. Our results highlight the poten-
tial of energy dissipation, as opposed to stress- or stiffness-based
measures, as a marker to diagnose early-stage OA.
2 3 3 3 0
3 1 1 1 0
4 2 2 2 2

8 1 4 4 4 3
2 2 2 2 2
3 1 1 1 0

9 2 4 4 3 0
3 3 3 3 3

10 1 3 3 3 2
2 1 1 1 0

Total Number n 64 62 56 33

We report the quantitative data for shear strain-energy dissipation EDI, peak-to-
peak shear stresses tPP, and peak effective shear modulus GPE in Table AIV, and
percent and absolute differences of these in Tables AV to AVII.
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We provide a detailed summary relating each mechanical test
(applied strain magnitude) to the patient number and OARSI grade
used for statistical analyses in Table AIII.



Table AIV
Shear strain-energy dissipation densities (EDI), peak-to-peak shear stresses (tPP), and peak effective shear moduli (GPE) given as median and interquartile range [Q1,Q3] at all
magnitudes of applied strain across all donors and binned by OARSI grades (OA-1 to �4) and PLM-CO scores (� 3 or <3)

g (%) OARSI Grade PLM-CO Score

1 2 3 4 � 3 <3

5 EDI 0.9143 0.7188 0.7274 0.2990 0.8568 0.6986
ðmJ=mm3Þ [0.7216,1.105] [0.4743,0.8524] [0.3220,1.254] [0.2645,0.3392] [0.6641,1.085] [0.2875,0.8481]
tPP 85.24 60.45 56.08 22.48 76.09 58.60
(kPa) [71.65,95.53] [53.42,72.58] [28.37,76.05] [20.39,30.54] [63.09,89.38] [22.48,76.47]
GPE 894.0 707.0 468.0 297.0 848.3 580.8
(kPa) [773.0,1079] [509.2,802.9] [366.6,1081] [247.0,323.7] [696.4,1052] [332.8,810.1]

10 EDI 3.516 2.680 2.990 1.098 3.433 2.326
ðmJ=mm3Þ [2.760,4.111] [1.938,3.548] [1.256,4.370] [1.018,1.305] [2.383,3.988] [1.024,3.444]
tPP 194.7 143.8 119.7 46.46 180.5 119.5
(kPa) [160.6,249.0] [102.0,162.6] [74.55,198.5] [37.32,75.29] [126.0,218.5] [53.14,163.8]
GPE 1331 942.3 786.7 381.1 1230 868.3
(kPa) [1101,1563] [680.7,1253] [602.9,1251] [346.7,555.1] [939.9,1559] [532.5,1230]

15 EDI 7.699 6.147 6.509 2.326 7.515 5.201
ðmJ=mm3Þ [6.828,9.404] [4.633,7.397] [2.715,8.573] [ 2.076,3.341] [5.764,9.005] [2.151,7.573]
tPP 307.7 234.6 162.7 76.63 283.6 183.8
(kPa) [244.3,383.5] [192.4,269.7] [110.1,236.9] [42.64, 132.5] [214.9,364.5] [79.00,251.9]
GPE 1634 1338 904.8 589.7 1574 1045
(kPa) [1235,2025] [1011,1685] [640.1,1183] [260.8,891.7] [1165,2025] [600.8,1410]

20 EDIÞ 12.79 10.03 10.99 3.559 11.55 4.508
ðmJ=mm3Þ [9.111,15.76] [4.429,10.97] [3.473,16.00] [2.662,4.746] [8.522,14.94] [2.652,11.04]
tPP 334.1 255.4 225.5 106.4 308.0 118.8
(kPa) [275.2,427.1] [113.1,329.1] [116.7,275.9] [55.00,132.1] [232.43,388.35] [103.1,275.9]
GPE 1502 1185 910.1 592.9 1366 910.1
(kPa) [1277,1938] [705.2,1437] [740.5,1106] [360.2,795.7] [1078,1804] [591.6,1106]

Table AV
Relative and absolute differences in shear strain-energy dissipation density (EDI) of normal cartilage from TKAs and healthy controls (rows) versus cartilage with progressing
OA (columns). OA-1 to �4 denotes the corresponding OARSI grade, HL0 and HN denote healthy controls from load-bearing (under 0� knee flexion) and non-load-bearing

regions, respectively. The percent difference is calculated as
DEDI

medianðEDI;ref Þ
� 100. CI denotes the 95% confidence interval

DEDI Compared to OARSI grade

g (%) Reference OA-1 OA-2 OA-3 OA-4

5 OA-1 % 66.04
ðmJ=mm3Þ e e e 0.6038
CI (0.3565,0.8510)
P 0.0083

HL0 % 51.70 63.83 58.85 89.93
ðmJ=mm3Þ 0.8595 1.061 0.9783 1.495
CI (0.5170,1.202) (0.6895,1.433) (0.3744,1.582) (1.035,1.955)
P 0.0068 <0:0001 0.0032 0.0051

HN % 42.50 66.67
ðmJ=mm3Þ e 0.5770 e 0.9051
CI (0.2060,0.9480) (0.4400,1.370)
P 0.0035 0.0082

10 HL0 % 48.01 60.69 56.47 84.71
ðmJ=mm3Þ 3.327 4.206 3.913 5.871
CI (1.662,4.992) (2.828,5.583) (1.836,5.990) (3.765,7.977)
P 0.0030 <0:0001 0.0010 0.0051

HN % 40.31
ðmJ=mm3Þ e 1.866 e e

CI (0.5195,3.212)
P 0.0084

15 OA-1 % 65.049
ðmJ=mm3Þ e e e 5.008
CI (2.749,7.268)
P 0.0045

HL0 % 46.59 58.48 58.19 78.11
ðmJ=mm3Þ 7.442 9.340 9.294 12.48
CI (3.586,11.30) (6.191,12.49) (4.933,13.66) (8.518,16.44)
P <0:0001 0.0004 <0:0001

HN % 68.63
ðmJ=mm3Þ e e e 6.247
CI (2.864,9.631)

(continued on next page)
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Table AV (continued )

DEDI Compared to OARSI grade

g (%) Reference OA-1 OA-2 OA-3 OA-4

P 0.0021
20 OA-1 % 72.19

ðmJ=mm3Þ e e e 9.236
CI (5.210,13.26)
P 0.0004

HL0 % 51.80 68.21 59.07 84.60
ðmJ=mm3Þ 14.59 19.21 16.63 23.82
CI (8.945,20.23) (13.55,24.86) (8.272,24.99) (17.68,29.96)
P 0.0001 <0:0001 0.0009 <0:0001

HN % 48.98 78.66
ðmJ=mm3Þ e 7.620 e 12.24
CI (2.778,12.46) (7.770,16.70)
P 0.0047 0.0002

Table AVI
Relative and absolute differences in peak-to-peak shear stresses tPP of normal cartilage from TKAs and healthy controls (rows) versus cartilage with progressing OA (columns).
OA-1 to�4 denotes the corresponding OARSI grade, HL0 and HN denote healthy controls from load-bearing (under 0� knee flexion) and non-load-bearing regions, respectively.

The percent difference is calculated as
DtPP

medianðtPP;ref Þ
� 100. CI denotes the 95% confidence interval

DtPP Compared to OARSI grade

g (%) Reference OA-2 OA-3 OA-4

5 OA-1 % 37.84 62.29
(kPa) e 32.26 53.09
CI (9.190,55.32) (29.43,76.76)
P 0.0083 0.0083

HL0 % 38.41 43.81 67.08
(kPa) 44.15 50.36 77.11
CI (11.27,77.04) (13.28,87.44) (34.22,120.0)
P 0.0064 0.0106 0.0202

10 OA-1 % 63.67
(kPa) e e 124.0
CI (59.34,188.6)
P 0.0069

HL0 % 35.29 42.25 63.38
(kPa) 89.86 107.6 161.4
CI (14.73,165.0) (32.92,182.3) (10.79,101.9)
P 0.0166 0.0074 0.0202

15 OA-1 % 40.78 66.75
(kPa) e 125.5 205.4
CI (39.86,211.2) (104.4,306.4)
P 0.0058 0.0004

HL0 % 29.87 45.22 66.91
(kPa) 110.1 166.6 246.5
CI (14.51,205.6) (60.39,272.8) (141.1,351.8)
P 0.0239 0.0044 0.0004

20 OA-1 % 75.47
(kPa) e e 252.1
CI (137.7,366.4)
P 0.0005

HL0 % 48.42 49.16 77.66
(kPa) 212.9 216.1 341.4
CI (92.42,333.4) (81.40,350.9) (250.3,432.5)
P 0.0021 0.0042 P <0:0001
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Table AVII
Relative and absolute differences in peak-effective shear moduli GPE of normal cartilage from TKAs and healthy controls (rows) versus cartilagewith progressing OA (columns).
OA-1 to�4 denotes the corresponding OARSI grade, HL0 and HN denote healthy controls from load-bearing (under 0� knee flexion) and non-load-bearing regions, respectively.

The percent difference is calculated as
DGPE

medianðGPE;ref Þ
� 100. CI denotes the 95% confidence interval

DGPE Compared to OARSI grade

g (%) Reference OA-2 OA-3 OA-4

5 OA-1 % 26.98 67.15
(kPA) 241.2 e 600.3
CI (61.93,420.6) (387.2,813.5)
P 0.0080 0.0083

15 OA-1 % 36.21 57.40
(kPA) e 591.5 937.9
CI (129.0,1054) (427.5,1448)
P 0.0096 0.0010

HL0 % 58.63
(kPA) e e 1165
CI (624.2,1706)
P 0.0007

20 OA-1 % 64.39
(kPA) e e 967.0
CI (510.7,1423)
P 0.0007

HL0 % 65.61
(kPA) e e 1223
CI (723.8,1721)
P 0.0004
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