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Objective: Given the structural changes associated with the progression of Osteoarthritis (OA), we hy-
pothesized that patterns of through-thickness, large-strain shear evolve with early-stage OA. We
therefore aimed to determine whether and how patterns of shear strains change during early-stage OA to
1) gain insight into the progression of OA by quantifying changes in local deformations; 2) gauge the
potential of patterns in shear strain to serve as image-based biomarkers of early-stage OA; and 3) provide
high-resolution, through-thickness data for proposing, fitting, and validating constitutive models for
cartilage.
Design: We completed displacement-driven, large-strain shear tests (5, 10, 15%) on 44 specimens of
variably advanced osteoarthritic human articular cartilage as determined by both Osteoarthritis Research
Society International (OARSI) grade and PLM-CO score. We recorded the through-thickness deformations
with a stereo-camera system and processed these data using digital image correlation (DIC) to determine
full-thickness patterns of strains and relative zonal recruitments, i.e., the average shear strain in a
through-thickness zone weighted by its relative thickness and normalized by the applied strain.
Results: We observed three general shapes for the curves of averaged through-thickness, Green
—Lagrange shear strains during progression of OA. We also observed that during the progression of
OA only the deep zone is recruited differently under shear in a statistically significant way.
Conclusions: We propose that changes in through-thickness patterns of shear strain could provide
sensitive biomarkers for early clinical detection of OA. The relative zonal recruitment of the deep zone
decreases with progressing OA (OARSI grade) and microstructural remodeling (PLM-CO score), which do
not consistently affect recruitment of the superficial and middle zones.

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

Introduction

Image-based methods that can detect early degeneration of
cartilage remain clinically untenable. Current image-based

With progression of osteoarthritis (OA), degenerated cartilage
eventually becomes unable to withstand normal (daily) intra-tissue
mechanical loads, thus initiating a sustained degradation of the
extracellular matrix (ECM)."? Although no treatment currently
exists to fully restore damaged or degenerated cartilage,’ detection/
monitoring of preclinical degeneration may facilitate earlier treat-
ments and allow for interventions before cartilage degenerates
beyond repair.*
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methods that can detect early-stage degeneration track the pro-
gression of OA via histology (e.g., Osteoarthritis Research Society
International (OARSI) grading® or adapted Mankin grading®), but
these methods require tissue explants generally unavailable in a
clinical setting. Clinically feasible methods to quantify degenera-
tion of cartilage rely on arthroscopic evaluation (e.g., Outerbridge’)
or magnetic resonance imaging (MRI) (e.g., protocol by the Inter-
national Cartilage Repair Society (ICRS)?), but lack the sensitivity to
detect the onset of degeneration (i.e., early-stage OA).

Early minute changes in the structure of the collagen network
that precede other more substantial changes (e.g., loss of proteo-
glycan (PG)) can alter the mechanical responses of cartilage even at
the onset of OA.? OA-induced degeneration affects the orientations
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of collagen fibers across the cartilage surface, as well as through the
thickness, and typically initiates with fibrillation of the superficial
zone (SZ).°°'? Thus, intra-tissue mechanics (e.g., the through-
thickness shear strain magnitude measured by displacement un-
der applied load MRI (dualMRI)®) may provide more sensitive
image-based (non-invasive) biomarkers for early-stage degenera-
tion of cartilage. Such imaging methods highlight the potential for
detecting the onset of OA via changes in local (intra-tissue)
mechanics.

Previous studies of mechanical shear have shed significant light
on structure—function relationships in cartilage.'"*"'® Studies that
use digital image correlation (DIC) have illuminated the intra-tissue
mechanics and local mechanobiological environment within
cartilage under compression'?? or shear.'®'®?!17 The shear
modulus varies by up to two orders of magnitude through the
thickness of healthy cartilage,'®*? and the local shear-strain pat-
terns correspond to the underlying collagen structure during tissue
maturation.”” Further, both local and bulk shear strains increase
with tissue degeneration and friction (lubricant—synovial fluid vs
phosphate buffered saline (PBS)).'® These studies do not, however,
employ the large-strain kinematics and nonlinear mechanics
required to capture the large deformations cartilage undergoes
in vivo (greater than 20% compression®>** causing complex load-
ings®>2%). Furthermore, most studies do not include both large-
strain deformations and human tissues, two factors essential to
understanding and modeling cartilage biomechanics in vivo, and no
data currently exists on large-strain shear of human cartilage at
progressing stages of degeneration.

Given the structural changes associated with the progression of
OA, we hypothesized that patterns of through-thickness, large-
strain shear evolve with early-stage OA. We therefore aimed to
determine whether and how patterns of shear strains change
during early-stage OA to 1) gain insight into the progression of OA
by quantifying changes in local deformations, and thus the
mechanobiological environment of embedded constituents; 2)
gauge the potential of patterns in shear strain to serve as image-
based biomarkers of early-stage OA; and 3) provide high-
resolution, through-thickness data for proposing, fitting, and vali-
dating constitutive models.

Materials and methods

Using a triaxial shear testing device (Messphysik, Fuerstenfeld,
AT) we completed displacement-driven, large-strain shear tests
(following a protocol detailed previously’’) on 44 specimens of
progressively more severely osteoarthritic (according to both OARSI
grade® and Polarized Light Microscopy Collagen Orientation (PLM-
CO) score'?) human articular cartilage. We recorded through-
thickness deformations with a stereo-camera system and pro-
cessed these data using DIC to determine full-thickness patterns of
shear strains and relative zonal recruitments, i.e., the average shear
strain in a through-thickness zone weighted by its relative thick-
ness and normalized by the applied strain.

Preparation of specimens

We harvested nine lateral femoral condyles (n = 9, two male
and seven female, 67.0+11.9 years old) undergoing total knee
arthroplasty (TKA) at Hartford Healthcare Bone & Joint Institute
and transported them, submerged in PBS, to our lab within 8 h of
extraction. A review by Institutional Review Board (IRB, Assurance
#FWA00000601) found that this study does not constitute
research involving human subjects according to 45 CFR 46.1 02(f)
and therefore does not require further review or oversight by the
IRB. After determining the local split-line directions (SLDs) by

pricking the articular surfaces with a needle dipped in India ink, we
extracted pairs of adjacent test specimens from locations across the
joint cartilages. From each pair, we used one specimen for me-
chanical testing (cuboid, 3 x 3 mm? footprint, full thickness), with
one through-thickness plane parallel to the local SLD, and the other
for histological evaluation. We fixed the latter specimens imme-
diately in 10% neutral buffered formalin, cf. Section 2.2. For the
specimens undergoing mechanical testing, we carefully removed
all of the underlying trabecular bone and as little subchondral bone
as necessary to ensure the top (the articular surface) and bottom
(the bone) surfaces were parallel.

We left the bone-cartilage interfaces intact to ensure boundary
conditions at this interface mimicked in situ conditions.’® We
stored these specimens submerged in PBS at —80° prior to testing.
On the day of a mechanical test, we thawed and glued (Super Glue
Gel, Loctite) the articular surface and the subchondral bone (i.e., top
and bottom) of a specimen to loading platens, ensuring a flat sur-
face perpendicular to the stereo-camera system (front surface) and
uncontaminated by glue [Fig. 1(a) and (b)]. We then air brushed
(CM-C Plus, IWATA, Yokohama, JP) a speckle pattern on the front
surface using a tissue marking dye (CDI's tissue Marking Dyes,
Cancer Diagnostics, Durham, USA) diluted with deionized water
(approximately 1:1). We let the speckle pattern air dry for 10 min,
while keeping the other surfaces coated by PBS to prevent tissue
dehydration and shrinking [Fig. 1(c) and (d)].

Histological assessments and quantification of constituents

To assess each specimen in terms of stage of degeneration,
structural integrity, and tissue composition we follow the meth-
odologies of Maier et al..>? We decalcified in 0.5 M EDTA, embedded
specimens in paraffin, and sectioned them at 6 pm. We stained
sections for each specimen with Safranin-O fast green (NovaUltra
Safranin O stain kit, IHC World, Woodstock, USA) and Picosirius red
(NovaUltra Sirius red stain kit, [IHC World). We examined the latter
under polarized light. Two trained observers analysed and inter-
preted images of the stained slides to obtain OARSI grades (FM,
DMP)’ and PLM-CO scores (FM, Lauren Marshall (LM))."*> We
considered only tissues up to OARSI grade 3.5 (moderate disease,
presence of vertical fissures). For statistical analyses we binned
specimens in three groups, based on OARSI grades: normal carti-
lage (grade <2, group OA-1), mild OA (2 > grade < 3, group OA-2),
and moderate OA (grade > 3, group OA-3); and based on their PLM-
CO scores: normal collagen structure (score > 4), mild disruption
(score 3), and moderate disruption (score < 2). To quantify the
mass fractions of the constituents, we deparaffinized the
embedded specimens, removed any subchondral bone, and
measured their dry weights. We then rehydrated the specimens
with a decreasing alcohol series to PBS,>C measured their wet
weights, and cut 10 mg pieces for analyses. We completed digestion
and analyses using a Glycosaminoglycan (GAG) Assay Kit (6,022,
Chondrex, Redmond, USA) and a Hydroxyproline Assay Kit (6,017,
Chondrex). For GAG quantification we solubilized each specimen in
1.25 ml digestive solution (125 pg/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. Subsequently, we hydrolyzed 100 pl of
the dissolved tissue in 10 N hydrochloric acid to quantify the hy-
droxyproline concentration. We report all concentrations per wet
weight.

Digital image correlation during applied shear strains
To apply prescribed shear strains, we used our testing device

and protocol as previously described in Maier et al.’’” We per-
formed quasi-static (75 pm/min) cyclic simple shear tests and
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Fig. 1. Representative specimen glued to loading platen (black): (a) front, (b) side, and (c) back views. In (b) we see the flat surface perpendicular to the stereo-camera system. In (c)
we see three sides of the specimen covered with phosphate buffered saline (PBS) (black arrows) while the speckle pattern dries. In (d) we see the final speckle pattern used for
digital image correlation (DIC) recording, white arrows indicate the bone-cartilage interface. Scale bars equal 1 mm.

recorded images of the deformation in the SLD, i.e., with the front
plane aligned with the SLD. We applied a 1% precompression and
applied displacements corresponding to +5, +10 and +15% shear
strain. At each step in our protocol we allowed specimens to
equilibrate, i.e. after gluing (2,000 s), after precompressing
(4,000 s), and after increasing the strain magnitude (600 s). Our
cyclic tests included three preconditioning cycles, and we recorded
images of the fourth loading cycle to calculate patterns of
displacement and strain. After completion of the full testing pro-
tocol, we applied tension to the specimen to verify the integrity of
the glued interface. We completed all tests in a bath of PBS at 37°C
(+1°C) including antibiotics (100 U/ml penicillin and 100 mg/ml
streptomycin) and protease inhibitors (P2714, Sigma Aldrich, St.
Louis, USA) to avoid tissue degeneration.

To record images for subsequent DIC, we used a stereo-camera
system with two five-megapixel cameras (Manta G-505, Allied
Vision, Stadtroda, DE). We adjusted the frame rate according to the
applied displacement to record both loading and unloading in
approximately 200—250 frames. To ensure accuracy of our mea-
surements, we calibrated the camera setup before each test, and
after allowing the bath of PBS to reach temperature.

Data analyses

We used the commercial software Istra4D (V4.4.3.414, Dantec
Dynamics, Skovlunde, DK) for image processing and strain calcu-
lations. To track the deformation we established a grid pattern on
the cartilage surface based on the speckle pattern. Our grid spacing
of 10—15 pixels (depending on image quality) and pixel size of 3 um
resulted in a data point every 30—45 um. We applied a local
regression filter for the object contour based on an adaptive spline
polynomial algorithm with a 5 x 5 kernel size. Applying Istra4D we
approximated the displacement field by an analytic function (bi-
cubic splines) to obtain 2-D deformation gradients for subsequent
strain calculations. We used a grid-reduction factor of two (only
direct-neighbor facets influence smoothing) and a smoothness
factor of minus one (higher absolute value increases smoothing) for
filtering (both recommended by manufacturer). We processed our
image data through the full thickness of each specimen, from the
articular surface to the subchondral bone. In our images the tran-
sition from cartilage to bone was clearly visible as a dark line (cf.
Fig. 1(d)), and this served as a marker for the lower boundary. We
exported the full field of 2-D Green—Lagrange tangential shear
strain calculated as
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We performed further processing and analyses using MATLAB
(R2017b, The MathWorks, Natick, USA). First, we averaged (mean +

standard deviation) the shear strain values along horizontal lines at
each height through the thickness of the specimen to generate a
through-thickness strain curve. To avoid edge effects (cf. 18) we
excluded approximately 10% of our data on each side of the front
area (from the edges inwards). We then grouped those curves by
either OARSI grade or PLM-CO score (Section 2.2) and averaged
them to obtain master curves representing normal, mildly degen-
erated, and moderately degenerated cartilage. We also calculated
the relative zonal recruitment R; with i {DZ,MZ, SZ} as
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where t; is the relative thickness of the corresponding zone, i.e., 0.3
for the DZ and 0.5 for the MZ,! and where Exy; is the averaged
Green—Lagrange shear strain in zone i. We calculated the bulk
shear strain as Exy pic = Yapp/2, With vapp = Ux max/t, Where iy max
is the maximum applied displacement causing shearing and t is the
thickness of the cartilage (top loading platen to the subchondral
bone) measured from the DIC images. To account for data poten-
tially missing near the articular surface (we considered up to 3% of
the total thickness acceptable), we calculated the relative zonal
recruitment of the SZ Rg; as

Rsz=1— (Rmz + Rpz) (3)

In this way the sum of the three zonal recruitments always
equals 100% recruitment.

Statistical analyses

First we used a Shapiro—Wilk test to confirm that our data was
normally distributed. To validate inter-observer agreement in our
application of the OARSI and PLM-CO grading methods, we calcu-
lated the linear-weighted Cohen's kappa coefficient k. We used an
ANOVA analysis followed by a Tukey—Kramer post-hoc test to
compare the relative zonal recruitment for each zone (SZ, MZ, and
DZ) by OARSI and PLM-CO groups (Section 2.2). Finally, we used
Pearson's correlation coefficient to determine the effect of age,
specimen thickness, and content of collagen and GAG (number of
comparisons m = 4)on the relative zonal recruitment. We used « =
0.05 to test for significance and adjusted this with the Bonferroni-
Holm method to account for multiple comparisons (¢ = 0.05/m).

Results

We completed a total of 132 shear tests using 44 cartilage
specimens. We successfully imaged the distribution of deformation
at three applied strain levels (5, 10, 15%) on most of the 44 speci-
mens. Seven of our specimens showed signs of mechanical failure
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during testing (one at 10% and six at 15% applied strain), visible as
an instant drop in the measured force response, and we excluded
these data from subsequent analyses. We provide a detailed sum-
mary relating each imaged pattern of deformation (applied strain
magnitude) to the patient number and OARSI grade in Table A2.

Through-thickness patterns of shear strain

We observed three general shapes for the curves of averaged
through-thickness Green—Lagrange shear strains consistent over
all applied strain magnitudes, as shown in Fig. 2.

In all specimens we found the highest shear strains (by
magnitude) at or near the articular surface. Normal tissue (OA-1)
also showed a distinct relative peak in shear strain near the tran-
sition from the MZ to the DZ, near or at the advancing
cartilage—bone interface [Fig. 2(d)]. With advancing OA (mild
degeneration, OA-2) the through-thickness shear strain became
more homogeneous [Fig. 2(h)]. Finally, with further advancing OA
(moderate degeneration, OA-3) the shear strain became more
heterogeneous with most of the deformation focused near the
articular surface (Fig. 2(1)).

When we averaged the shear-strain response of all specimens
binned by OARSI grade we observed the same three general curves

5% 10%

OARSI Grade 1
o G-L Shear Strainm(.%) S o GL Shear Stra‘,i‘r‘l“(%) & o G-L Shear Str‘ai‘r‘}m(%) S

OARSI Grade 2

OARSI Grade 3

(Fig. 3); however, the standard-deviation of the mean of the aver-
aged curves does not show a clear distinction between all curves in
all segments.

When we plotted the relative zonal recruitment, binned by
OARSI grades [Fig. 4(a)—(c)] and PLM scores [Fig. 4(d)—(f)], we
observed only one consistently significant difference in zonal
recruitment during the progression of OA: in the DZ.

When grouped by OARSI grade, at 10% applied shear strain zonal
recruitment in the SZ significantly increased with progressing OA,
and zonal recruitment in the MZ and DZ increased in mild vs
moderate OA. When grouped by PLM score a consistent distinction
in the zonal recruitment in the DZ became evident. Zonal recruit-
ment in the DZ was significantly larger in groups with a healthy or
near-healthy organization of collagen (PLM score > 4), than in any
other groups. There was no significant difference in zonal recruit-
ment for the MZ or SZ across PLM-CO scores.

Histological assessments and quantification of constituents

Our OARSI grading resulted in ngs_q = 17, nga_» = 16, and
noa—3 = 11 specimens per binned group. Inter-observer agreement
for the unbinned OARSI grades was 0.925 and for the binned OARSI-
graded groups was 1.0. Our PLM-CO scoring resulted in npyy_ =
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Fig. 2. Through-thickness patterns of shear strain evolve characteristically in early osteoarthritis. Representative through-thickness patterns of 2-D Green—Lagrange shear strain at
applied bulk shear strains y = 5%, 10%, 15% (columns 1, 2, 3) and corresponding averaged through-thickness shear strain response (column 4) with progressing osteoarthritis, i.e.,
increasing Osteoarthritis Research Society International (OARSI) grade 1, 2, 3 (rows 1, 2, 3).
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Fig. 3. Only specimens appearing normal in histology (OA-1) or specimens with normal zonal architecture (PLM—CO—4-5) present a distinct local peak in shear strain in the DZ.
Through-thickness patterns of 2-D Green—Lagrange shear strain averaged by grouped OARSI grades (a—c) and PLM scores (d—f) at applied bulk shear strains ¥ = 5%,10%, 15%.

18, nppm_3 = 12, nppm_4 = 10, and npyy_5 = 4 specimens per
binned group. For further statistical analyses we binned specimens
with scores four and five into one group. Inter-observer agreement
for the unbinned PLM score was 0.735 and for the binned PLM score
0.766.

We show specimen thicknesses, and measured GAG and total
collagen concentration, grouped by both OARSI grades and PLM
scores in Fig. 5.

Neither thickness nor either constituent showed a statistically
significant change with increasing degeneration or loss of struc-
tural integrity.

Statistical analyses

We summarize the correlations of zonal recruitment with
collagen content, age, and thickness in Table L.

Both bulk collagen content and age correlate significantly with
increased zonal recruitment in the SZ and correspondingly reduced
zonal recruitment in the DZ. Specimen thickness only correlates
significantly at 15% applied strain, indicating reduced zonal
recruitment in the DZ. We found no significant correlations among
zonal recruitments and bulk GAG content. All correlations were
relatively weak but significant.
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Fig. 4. Analyses of the zonal recruitment reveals that during the progression of early OA only the deep zone is recruited differently under shear in a statistically significant way.
Relative zonal recruitment binned by grouped OARSI grades (a—c) and PLM scores (d—f) at applied bulk shear strains y = 5%, 10%, 15%. Black bars indicate significant differences

(p<0.05) between OARSI grades per zone.

Discussion
Through-thickness patterns of shear strain

We found three general qualitative through-thickness patterns
of shear strain depending on the stage of degeneration of the
specimens (cf. Fig. 3). Across all stages of degeneration (normal,
mild, moderate) we found the highest strains, by magnitude and
relative contribution, in the SZ. However, only a few specimens
showed a distinct increase in shear strain in the transition between
SZ and Mz, first reported by Buckley et al.'® for healthy neonatal
bovine tissue, and subsequently confirmed for human tissue.>?
Most of our specimens showed shear strain at the SZ comparable

to Wong et al..'® They tested human articular cartilage in health and
disease and found highest shear strains at the articular surface and
without a distinct increase in shear strain in the transition between
SZ and MZ.

We are the first to report a region of increased shear strains in
normal cartilage in the transition from MZ to DZ, i.e., near the
cartilage—bone interface (cf. Fig. 2(a)—(d)). Lai and Levenston®’
performed unconfined compression tests on cartilage explants and
showed a similar increase in shear strain near the cartilage—bone
interface. However, this was much smaller by magnitude than
shear strains near the surface and thus they did not pursue it.

Our relative zonal recruitment provides information on the
contribution of each through-thickness zone to the total
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Fig. 5. Neither thickness nor the investigated constitutes vary significantly with OARSI grade or PLM score. Specimen thickness, GAG and total collagen content per wet weight by

grouped OARSI grades (a—c) and PLM scores (d—f).

deformation of a specimen. Interestingly, the relative zonal
recruitment of the DZ decreases with progressing OA (OARSI grade)
and microstructural remodeling (PLM-CO score), while the MZ and
SZ are not consistently (at all applied strain magnitudes) signifi-
cantly affected. The DZ of all specimens appeared intact (PLM-CO
>1) while we observed degeneration of the zones above, i.e.,
changes in the thickness ratios of SZ and MZ, as well as complete
remodeling of the SZ. Thus, while OA likely initiates at the articular
surface,>® the patterns of shear strain in the DZ and, as a conse-
quence, the mechanobiological environment of the chondrocytes
within, are affected in the early stages of both OA (OARSI grade
>2.5) and collagen-network remodeling (PLM-CO score < 4). The
mechanosensitivity of chondrocytes®* suggests that the alteration
in environment may stimulate changes in matrix synthesis,
potentially initiating or accelerating a degenerative cascade. The
formation and re-absorption of calcified cartilage also corresponds
to changes in the biomechanical environment,*>° thus potentially
favoring or initiating advancement of the calcification front, i.e.,
tidemark duplication, associated with OA>’ and often accompanied
by collagen fibrillation at the articular surface.®

Assessing the zonal recruitments by PLM-CO score showed that
strains in the DZ are higher when the zones above are intact, thus it

appears that softening of the SZ and MZ, rather than stiffening of
the DZ, causes the reduction in shear strain. However, improved
imaging modalities capable of accurately imaging the tidemark,
e.g.37, and through-thickness indentation tests>® could further
clarify this point. The lack of correlation between our proposed
zonal recruitment and GAG content indicates that structural or
mechanical changes may precede other biochemical changes
associated with early OA, consistent with Desrochers et al..”

Our experiments have very little out-of-plane deformation
(confirmed by our stereo-camera setup), and our applied speckle
pattern is not heterogeneously compressed, both effects aiding the
quality of our DIC. The quasi-static nature of our experiments does
not represent deformation rates in vivo, where healthy cartilage can
generate substantial interstitial fluid pressure. However, our ex-
periments do allow us to measure patterns of deformation unaf-
fected by inter-tissue fluid flow and to investigate local
deformations of the solid constituents, thus identifying changes in
the solid matrix that may be masked by alterations in bulk
permeability.“° We applied consistent bulk displacements (strains)
to our specimens rather than bulk forces, to ensure comparable
bulk deformations across different stages of OA. A multitude of
changes to the mechanical properties accompany disease
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Table I

Higher bulk collagen content leads to increased shear strains in the superficial zone
(SZ) and corresponding reductions in the middle zone (MZ) and deep zone (DZ)
under applied bulk shear strain. Pearson correlation coefficient r and corresponding
level of significance P for correlation of relative zonal recruitment with collagen
content, age, and thickness at applied bulk shear strains y = 5%,10%,15%. N.B. Only
results with P < 0.05 shown. An asterisk indicates results considered significant after
the Bonferroni-Holm adjustment

v (%) Zone Collagen Age Thickness
5 SZ r 0.4007 0.3396 -
P 0.0085" 0.0278 -
MZ r —0.3816 — —
P 0.0127 — —
Dz r - 03120 —0.5033 -
P 0.0442 0.0007" —
10 Sz r 0.4977 0.3536 -
P 0.0009" 0.0233 -
MZ r — 0.4428 — -
P 0.0037" — —
DZ r — 0.4204 — 0.6068 -
P 0.0062" <0.0001" -
15 SZ r 0.5712 0.4804 —0.3410
p 0.0004" 0.0040" 0.0484
Mz r — 0.5068 - -
P 0.0022" — —
DZ r — 0.4297 — 0.7464 0.4897
P 0.0112" <0.0001" 0.0033"

progression, e.g., reductions in stiffnesses*' and alterations in time-
dependent responses,” making it challenging to predict total de-
formations under applied forces and thus to stay within the field of
view of our stereo stereo-camera system.

Histological assessments and quantification of constituents

Semi-quantitative, histology-based methods for assessing
cartilage degeneration have inherent drawbacks: e.g., these
discrete categories likely cannot fully capture the dynamic, years-
long progression of disease in its full complexity. To estimate
local degeneration we quantified the OARSI grade rather then the
complete OARSI score.”

We attempted to utilize the histological images from slides
stained with Picosirius red to extract specimen-specific zonal
thicknesses for each specimen as a mask to calculate zonal re-
cruitments. Unfortunately not all specimens showed three distinct
through-thickness zones, despite the early stages of degeneration,
highlighting the early occurrence of remodeling. Thus, we selected
a generic mask (0.2/0.5/0.3 for SZ/MZ/DZ) based on Mow et al.’!
This idealized mask could serve in the future as a clinal diag-
nostic marker since the real in vivo zonal architecture is generally
not obtainable.

The GAG and total collagen concentrations per wet weight that
we measured are within ranges reported previously.*"**>! The lack
of significant correlation with increasing degeneration (OARSI
grades) and loss of structure (PLM scores) may indicate that these
measures may not be sufficiently sensitive to identify early OA
(OARSI grades 1-3).

Statistical analyses

Interestingly, bulk collagen content correlated with through-
thickness patterns of shear strain, but it did not correlate with
degeneration and loss of structure. Higher collagen content corre-
lated with greater zonal recruitment in the SZ and a reduced
contribution of the zones below it. This may indicate through-
thickness patterns of strain can reveal subtle changes in the
composition of cartilage, changes not clearly captured by histology.

We further observed a shift in relative zonal recruitment from the
DZ to the SZ with age; however, our data does not allow us to
determine if this phenomenon is induced by age or disease. These
correlations, while statistically significant, were relatively weak.
We found no significant difference between specimens (binned by
OARSI group), originating from different patients in support of our
assumption to treat all specimens individually in our statistical
analyses, consistent with our previous studies.?”*°

Limitations and outlook

Large shear strains, applied as simple shears may not mimic the
deformation in vivo, dominated by compressive loading. However,
despite predominately external compression to cartilage in vivo,
shear strains within the tissue tend to exceed compressive
strains.*> Additionally, with progression of OA the lubrication be-
tween contact surfaces decreases** and surface roughness also
increases;> thus largely simple-shear deformations caused by
higher friction may play an increasing role as OA progresses. We
included only cartilage from the lateral femoral condyle while
degeneration generally initiates at the medial chondyle.*> Me-
chanical properties of lateral vs medial condyle appear indistin-
guishable,*® so the increased incidence of OA seems to be a
consequence of differences in loading rather than tissue mechanics.

In this study, specimens with a normal appearance still originate
from knees affected by OA, so we do not have a fully healthy group
as a control. Our normal group may still present compromised load-
bearing capabilities despite near-healthy appearances 4,9. In OA the
synovial fluid contains more matrix degrading proteins*’ and lu-
bricates the cartilage interfaces less 44, thus affecting the entire
joint. Furthermore, due to technical challenges we were not able to
test a sufficient number of cartilage explants presenting severe
signs of degeneration (OARSI grade >4).

Our experiments revealed drastic alterations in the through-
thickness distributions of shear strains at the very early stages of
OA, as quantified by the OARSI grade. Specimens with a healthy
appearance (OARSI Grade <2) generally showed a band of shear
strains in the DZ, which vanished with progressing OA and con-
current structural remodeling. With progression of OA the distri-
bution of shear strains underneath the articular surface first
became more homogeneous, followed by increasing heterogeneity,
with a concentration of shear deformation in the SZ/MZ and no
apparent deformation deeper within the tissue. Thus, OA affects the
entirety of cartilage (through the thickness) even at very early
stages, while OA is generally considered to initialize at the articular
surface or the SZ.***° Improved imaging techniques based on MRI
have the potential for accurate, non-invasive assessment of carti-
lage health, particularly beyond the articular surface.”®* Among the
various imaging protocols dualMRI provided the strongest corre-
lations with OA severity.> However, insufficient resolution
currently limits the measurement accuracy of distributions of
strains in-vivo.*> Our experiment provides sufficient resolution to
identify a potential target for future studies incorporating improved
MRI to verify whether the reduction in DZ recruitment and the
qualitative change in shape of the through-thickness patterns of
strains can serve as biomarkers sensitive to the onset of OA.
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Appendix A

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 A2.

Table A2

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. M and F denote male and female, respectively.

Patient Gender OARSI Specimens at applied strain
Y (%)
Grade 5 10 15
1 F 1 3 3 3
2 2 2 2
2 M 1 2 2 1
2 2 2 1
3 1 0 0
3 F 1 2 2 2
2 2 2 2
4 M 1 1 1 1
2 4 4 4
3 1 1 0
5 F 1 1 1 1
2 2 2 2
3 2 2 2
6 F 1 2 2 2
7 F 1 3 3 3
2 2 2 2
3 1 1 1
8 F 2 4 4 3
3 3 3 3
9 F 1 3 3 3
2 1 1 1
Total Number n 44 43 39
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