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SUMMARY

Objective: Deleterious impact loading to cartilage initiates post-traumatic osteoarthritis (OA). While
cytokine and enzyme levels regulate disease progression, specific mechanical cues that elucidate cellular
OA origins merit further investigation. We defined the dominant pericellular and cellular strain/stress
transfer mechanisms following bulk-tissue injury associated with cell death.
Method: Using an in vitro model, we investigated rate-dependent loading and spatial localization of cell
viability in acute indentation and time-course studies. Atomic force microscopy (AFM) and magnetic
resonance imaging (MRI) confirmed depth-wise changes in cartilage micro-/macro-mechanics and
structure post-indentation. To understand the transfer of loading to cartilage domains, we computa-
tionally modeled full-field strain and stress measures in interstitial matrix, pericellular and cellular
regions.
Results: Chondrocyte viability decreased following rapid impact (80%/s) vs slow loading (0.1%/s) or
unloaded controls. Viability was lost immediately during impact within regions near the indenter-tissue
contact but did not change over 7 days of tissue culture. AFM studies revealed a loss of stiffness following
80%/s loading, and MRI studies confirmed an increased tensile and shear strain, but not relaxometry.
Image-based patterns of chondrocyte viability closely matched computational estimates of amplified
maximum principal and shear strain in interstitial matrix, pericellular and cellular regions.
Conclusion: Rapid indentation worsens chondrocyte death and degrades cartilage matrix stiffness in
indentation regions. Cell death at high strain rates may be driven by elevated tensile strains, but not
matrix stress. Strain amplification beyond critical thresholds in the pericellular matrix and cells may
define a point of origin for early damage in post-traumatic OA.

Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.

Introduction

Articular cartilage consists of the thin and poro-viscoelastic soft
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tissue that provides a compliant, wear-resistant, and lubricious
surface for smooth joint articulation. Traumatic injury subjects
cartilage to excessive mechanical loading' and initiates a progres-
sive degenerative cascade characteristic of post-traumatic osteo-
arthritis (OA)>°. Single injurious indentation on young bovine
cartilage decreased synthesis rates of molecules in the interstitial
extracellular matrix (ECM), reduced chondrocyte viability, and
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compromised tissue-scale biomechanics’~”; however, mechanisms
underlying these tissue responses remain largely unknown. Un-
derstanding how the physiological and biomechanical changes of
the chondrocytes, surrounding pericellular matrix (PCM), and
dense ECM deviate after single acute impact overloads will clarify
the pathophysiology of OA.

Indentation of cartilage at high loading magnitudes and rates
leads to matrix damage and cell death. Compression of bovine
articular cartilage samples to 50% thickness induced macro cracks
and fissures in the matrix'. Compression of cartilage to lower
magnitudes (e.g., 30%) lead to cell death under sufficiently high
strain rates'!. Furthermore, indentation of cartilage to 50% thick-
ness at 2.5%/s revealed no macro fissures or cracks, while increasing
the strain rate to 12.5%/s lead to the appearance of surface cracks.
These results agree with an in vitro cartilage and meniscus study
where peak forces and stresses increased with strain rate'’.
Moreover, rapid indentation even at low impact energies can give
rise to small microcracks in the collagen matrix'>. High strain rates
are also associated with matrix mechanical failure and cell deacti-
vation'®. Localized impact was additionally correlated to chon-
drocyte death at a threshold strain within 2 h of impact'“. To better
understand the poro-viscoelastic, strain-rate-dependent behavior
of articular cartilage, a careful comparison of slow (e.g., quasi-
static) and impact strain rates that induce significant disparate
tissue abnormalities merits investigation.

In previous injurious compression studies conducted on bovine
articular cartilage explants, the affected chondrocytes demon-
strated significant changes in their metabolic activity and synthesis
of matrix molecules and factors. Specifically, protein synthesis of
matrix-degrading proteins increased once cartilage explants were
exposed to mechanical overloading®®. Twenty-four hours after a
single injurious compression of bovine articular cartilage explants,
the production of MMP-1, -3, -9, -13, ADAMTS-4, -5 and TIMP-1
increased by 4- to 250-fold. Such synthesis dynamics indicate
that surviving chondrocytes release proteinases and related factors
that further degrade the cartilage matrix.

The objective of our paper was to define the dominant peri-
cellular and cellular strain/stress transfer mechanisms that lead to
cell death following bulk-tissue injury. To better identify the
multifactorial threshold that minimizes matrix mechanical failure
along with chondrocyte viability, we chose a 40% strain magnitude
and slow (0.1%/s) or rapid (80%/s) strain rates. We further sought to
characterize the time-dependent progression of cell viability using
in vitro bovine articular cartilage cylindrical explants after acute
impact loading over a 7-day period. We characterized the damage
progression after indentation, quantified by regional tissue
biomechanics measures, including atomic force microscopy (AFM)
and magnetic resonance imaging (MRI). Multi-scale computational
modeling allowed us to visualize spatial patterns of stress and
strain measures in cartilage regions during indentation by using
experimentally-derived boundary conditions and mechanical
loading outcomes.

Materials and methods
Osteochondral sample culture

One bovine knee (age ~6 months) was obtained from each of 17
animals within 48 h of slaughter, and osteochondral cylindrical
explant samples (radius = ~4.3 mm) were harvested aseptically
(Fig. 1). Multiple samples were obtained from the anterior loading
regions of the femoral medial and lateral condyles (i.e., up to six
samples per region), where cartilage shows a consistent pattern of
structure and cell responses'>. Importantly, this sampling scheme
enabled acquisition of data from many assays while maintaining

replication in each assay at the level of the animal/knee joint.
Samples were rinsed 2—3 times in sterile 1 x phosphate-buffered
saline (PBS), and cartilage (1.5 mm thickness) was separated from
the subchondral bone via a cutting apparatus jig. Samples were
assigned to two separate studies that specifically investigated the
influence of (0.1 or 80%/s) strain rate (N = 6 knees), or acute impact
loading followed by time-course incubation (N = 11 Kknees)
[Fig. 1(B)]. Samples were then cultured in 2—3 mL of 37°C Dul-
becco's Modified Eagle's Medium (DMEM) with 10% fetal bovine
serum (FBS), 1% Penicillin/Streptomycin (P/S) and 1% bovine serum
albumin (BSA), with the nutrient medium changed every 2 days.

Indentation of cartilage at high and low strain rates

Samples were subjected to indentation using a bench-top me-
chanical test system (ElectroForce® 5500, TA Instruments, Eden
Prairie, MN) and a steel hemispherical indenter (radius = 1 mm).
Prior to testing, the thickness of each sample (~2 mm, range:
1.6—2.3 mm) was measured with the indentation instrument to
account for tissue swelling observed through culture duration. A
tare load was applied (0.05 N), and then samples were indented in
compression using a single-cycle triangle (compressive) waveform
to 40% strain magnitude (determined from the thickness of the
sample) applied to the articulating surface of the cartilage. The
strain rate was controlled to 0.1%/s (slow) or 80%/s (rapid), and the
force (200 N load cell; Futek) and displacement values over time
were measured for each sample. After indentation, samples were
either prepared for imaging or further cultured up to 7 days.

Cell viability

Chondrocyte viability was assessed via live/dead staining and
confocal microscopy. Samples were submerged in a 3 mL solution
of media containing 1 uM calcein-AM (calcein) and 3 uM propidium
iodide (PI) (Thermo Fisher, Grand Island, NY). Stained samples were
incubated at 37°C for 15—20 min prior to imaging. For imaging, we
utilized a 10 x air objective, 1024 x 1024 pixels® acquisition matrix,
and excitation wavelengths of 543 nm (Texas Red) and 488 nm
(Alexa Fluor). Images collected were analyzed with Image] (Na-
tional Institutes of Health, Bethesda, MD), and viability was
assessed using the percentage ratio of live/dead cells [Fig. 1(C)].
Images were thresholded, and live and dead cells were counted as
objects with a minimum particle size of 13.5 and 9 squared pixels,
and with a circularity of 0—1, respectively.

Local measurement of mechanical properties by AFM

Micro-indentation tests by AFM allowed us to measure the local
stiffness of the tissue after slow and fast indentation. Imaging was
conducted using medial femoral condyle samples (N = 6) that were
prepared using a standard method by sectioning (30 um thickness)
with a vibratome'®. Briefly, cartilage sections were washed thor-
oughly with PBS and pre-stained with calcein/PI to identify viable
cells and placed into a PBS-filled liquid cell for AFM testing. A
Keysight 5500 AFM system (Keysight Technologies Inc., Santa Rosa,
CA) was combined with a Nikon Eclipse Ti wide-field inverted
microscope (Nikon Instruments Inc., Melville, NY) to perform the
microscale indentation, allowing for simultaneous AFM scanning
and fluorescence microscopy. Image data were acquired on
indentation locations and on the unaffected (unloaded, control)
regions identified by calcein/PI stain. The AFM was operated in
force-volume mode, wherein triplicate arrays (5 x 5) of
force—distance (F—Z) curves were collected over the 30 x 30 pm?
scan area. The force trigger was set to 15 nN for all micro-
indentations, which corresponded to an indentation depth of



1824 PE Argote et al. / Osteoarthritis and Cartilage 27 (2019) 1822—1830

(A

/ iI 7 ) ll Indenter

: . . __— Osteochondral
™ \‘ l W Sample live
(B) Q

Study 1:
Strain Rate = 0.1%/sec
or 80%/sec

, (o)
Strain:
Magnitude = 40%

Rate = 0.1%/sec
or 80%/sec

dead| -

Study 2:
Strain Rate = 80%/sec, day 0
time course study

day 4

Fig. 1. Indentation testing assessed cellular viability and multiscale tissue mechanics in explanted cartilage. Osteochondral samples were harvested from medial and lateral
femoral condyles of bovine articular cartilage (A) and indented at controlled strain rates and magnitude, followed by transfer to a chemically-defined medium for time-course
studies (B). Samples were indented with a 1 mm radius spherical indenter to a strain magnitude of 40% at rates of 0.1%/s and 80%/s. (C) Chondrocyte viability was assessed by

confocal microscopy and live/dead staining and quantified by Image].

0.4—2.2 um, depending on the regional elasticity. To ensure a
known geometry of the AFM probe, a cantilever with a borosilicate
glass bead (~62 GPa Young's modulus and 5 pm diameter) attached
to the free end (NovaScan, Ames, IA) was used for all AFM tests. The
cantilever stiffness was pre-calibrated to be 0.07 N/m by the ther-
mal fluctuation method'”. The Young's moduli of were calculated

based on Hertz theory of contact mechanics'®.

Local measurement of mechanics and structure by MRI

Measurement of intra-tissue strain was obtained by MRI
(dualMRI) using displacements under applied loading via
compressive loading inside a 7 T MRI scanner (Bruker Biospec,
Billerica, MA)'%?°, Fast and slow loaded samples (N = 3) were
placed in the MRI-compatible bioreactor, immersed in PBS, and
cyclically and intermittently loaded in unconfined compression
(25 N with 600 cycles at 0.33 Hz) to reach a quasi-steady state
load—deformation behavior with a hemisphere indenter. An MRI
(DENSE-FISP) imaging sequence was used with a xyz displacement
encoding gradient area of 1.13 7/mm. FISP imaging parameters
were: TE/TR = 2.5/5.0 ms; in-plane spatial
resolution = 250 x 250 pm?; image matrix size = 128 x 128
pixels?; number of averages = 8; slice thickness = 1.0 mm; and flip
angle = 15°. Displacements and principal strains were obtained
from phase contrast data using MATLAB (Mathworks, Natick, MA).
For quantitative MRI assessment of tissue structure, T, mapping
was determined using a multislice, multiecho sequence, with pa-
rameters: TE = [11.5, 23.0, 34.5, 46.0, 57.5, 69.0, 80.5, 92.0] ms and
TR = 1000 ms. Likewise, T1, mapping was determined with the
following parameters: TE/TR = 50.3/2000 ms; spin-lock
frequency = 851 Hz; and spin-lock durations of [10, 20, 40, 60,
80, 100, 120, 140, 160, 180] ms. Relaxation times were determined
using a monoexponential curve-fitting algorithm in MATLAB. For
each dualMRI strain map, a 6 x 9 pixel® matrix was taken from the
highest strain region (usually around the indenter location) to
calculate the average strain. The averages were calculated over the
entire sample for T, and T;, maps (little spatial variation in the data
was observed).

Bulk measurement of mechanical properties during impact

To characterize the biomechanics of the tissue from the force
and displacement measurements during the indentation test, a
MATLAB script was generated to calculate the stress—strain relation

of the samples from the strain rate study. Calculations for (first
Piola-Kirchhoff) stress assumed that the contact surface area of the
spherical indenter remained in contact with the tissue and
increased accordingly with the indenter's displacement. A hyster-
esis stress—strain curve was generated, and the loading curve was
isolated so an effective Young's modulus could be calculated from a
linear regression of the elastic region. The average slope of the
linear regressions was used to estimate Young's modulus for each
strain rate.

Multiscale estimate of interstitial ECM, PCM, and cellular mechanics
by finite element modeling

To estimate the local mechanical environment of the chon-
drocytes during indentation loading, we developed a multi-scale
finite element model of the indentation test for both (0.1%/s and
80%/s) loading rates using ABAQUS 6.14 (Simulia, Providence, RI).
First, a 3D model of the tissue was created using the average sample
dimensions (4.3 x 2.04 mm?) and a mesh of C3D8P elements. The
ECM was modeled using a poroelastic, neo-Hookean material
model with density 1000 kg/m?, Young's Modulus 0.31 MPa, Pois-
son's Ratio 0.42, and permeability 1.962E—8 mm/s, with void ratio 4
and specific weight of the wetting liquid 9.81E—6°!. To mimic
experimental conditions, we fixed all displacement degrees of
freedom for nodes on the bottom (glued) surface of the explant and
set the corresponding fluid flux normal to this surface to zero. We
then indented on the top surface using a rigid and impermeable
spherical indenter of radius 1 mm. We specified all remaining
nodes in contact with air as free to displace and set the corre-
sponding fluid pressure to zero. The model included large defor-
mation and was solved using the Soils procedure in ABAQUS. The
distributions of potentially relevant mechanical parameters were
plotted for spatial comparisons with the images of cell death,
including pore pressure, max/min principal stresses, maximum
shear stress, Tresca stress, max/min principal strains and maximum
shear strain.

Second, to probe cellular responses, our 3D model was extended
to include the ECM (i.e., interstitial matrix), PCM, and embedded
chondrocytes within a conforming mesh®?. The 3D model was
designed to mimic the superficial zone directly underneath the
indenter, and it was realized as a cube with fixed (100 um) edge
length that included 11 representative chondrocytes and their
respective PCMs. This 3D model was also run under loading con-
ditions for both the 0.1% and 80%/s loading rates and magnitudes.
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All elements were type C3D8P. Recognizing the wealth of data on
the PCM 523726 we modeled this cartilage domain using a poroe-
lastic and neo-Hookean material model with density 1000 kg/m?,
Young's modulus 0.0505 MPa, Poisson's Ratio 0.3, and permeability
1.962E—8 mm/s, with void ratio 4 and specific weight of the wet-
ting liquid 9.81E—6%". Likewise, chondrocytes were modeled using
a poroelastic and neo-Hookean material model with density
1000 kg/m?, Young's Modulus 0.01 MPa, Poisson’s Ratio 0.3, and
permeability 9.81E—9 mm/s with void ratio 4 and specific weight of
the wetting liquid 9.81E—6. We identified regions in the regions in
ECM, PCM, and chondrocytes that represented the largest (10%;
absolute) magnitudes of mechanical parameters and utilized these
values for statistical analyses.

Statistical analyses

Cell viability and MRI differences for samples tested at 0.1% and
80%/s strain rates were determined using one-way analysis of
variance (ANOVA) (SAS Institute). AFM-based analysis of Young's
Modulus was performed using a two-way mixed model ANOVA,
with strain rate and region location as fixed main effects and the
strain rate x region interaction included in the model. To account
for multiple measurements taken at each region, we included
sample (nested within the strain rate x region interaction) as a
random effect in this analysis. Time-course cell viability was
analyzed using a two-way ANOVA, with the fixed effects of strain
rate, time, and their interaction. Differences in cell, PCM, and ECM
regions for samples tested at 0.1% and 80%/s strain rates were
determined using two-way mixed model ANOVA. These models
also included the strain rate x region interaction, and sample as a

1825

random effect. We evaluated the residuals of each model to confirm
that our models met the statistical assumptions of ANOVA. Data are
presented as mean =+ 95% confidence interval, with P < 0.05
considered statistically significant.

Results
Strain rate study

Chondrocyte viability decreased following rapid impact (80%/s)
when compared to quasi-static loading (0.1%/s) or unloaded con-
trols. A significant statistical difference was noted between the
strain rates of 80%/s and 0.1%/s (P = 0.0006). Chondrocyte viability
decreased by 22% in 80%/s compared to 0.1%/s samples (Fig. 2). AFM
analysis revealed a loss of stiffness following 80%/s loading, and a
significant statistical difference was noted between the indented
region and the unaffected region of both strain rates (P = 0.006)
[Fig. 2(C)].

Time-course damage progression study

Viability was lost immediately during impact within the small
region near the indenter-tissue contact, and was maintained over
the culture duration (Fig. 3). Indentation loading reduced chon-
drocyte viability by up to 30% at days 0, 4, and 7 following impact
(P < 0.001). Cell viability was marginally changed over the time
duration compared to day 0 samples (P = 0.034), however, this
effect was influenced by changes at day 4 compared to day
0 (P = 0.034), which returned to baseline levels by day 7
(P =0.928).
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Fig. 2. High strain rates reduce cell viability and compromise local tissue biomechanics at the articular surface. (A) Damaged regions and reduced cell viability (red signal, loss
of green signal) are evident in regions impacted by the indenter at the (top) articular surface. (B) Chondrocyte viability was significantly reduced when the strain rate was increased
from 0.1%/s to 80%/s (*P = 0.0006). (C) Young's modulus, as assessed by atomic force microscopy (AFM), was reduced in regions impacted by the indenter at high (80%/s) strain rates
(damaged region) compared to regions that were not impacted (undamaged region) (**P = 0.006).
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Fig. 3. Chondrocyte viability remains unchanged following 7 days of tissue culture.
(A) Cell viability is reduced in samples indented at high (80%/s) strain rates compared
to unloaded controls. (B) Spatial loss of cell viability was still confined to the region
impacted by the indenter after 7 days, suggesting cell damage in this experimental

model was driven primarily by acute, initial impact loading, and less so by secondary
(e.g., cytokine, enzyme) damage mechanisms (*P < 0.001).

ontrol

Structural characterization by MRI

MRI studies showed trends of increased tensile and shear strain,
but not relaxometry (Fig. 3). DualMRI detected biomechanical
changes between 0.1%/s and 80%/s strain rate indentations, with
increased patterns of elevated maximum shear strain and principal
strains under the same load-controlled compressive testing. The
samples that experienced 80%/s strain rate indentation showed
larger strains, though the changes were not statistically significant
(P > 0.05); the average maximum shear stain Es, and the first and
second principal strains E1 and E,, increased 29.5%, 62.1%, and 12.1%
respectively. The mean values of the maximum shear strain, first
and second principal strains on samples experienced fast inden-
tation were Es = 0.027 + 0.004, E; = 0.024 + 0.007 and
E; = —0.031 + 0.011 respectively; while for the samples experi-
enced slow indentation, E; = 0.021 + 0.004, E; = 0.015 + 0.005 and

E; = —0.027 + 0.011. Samples that underwent 80%/s strain rate
indentation also showed a 7.9% increase in T;, compared to those
experienced 0.1%/s strain rate indentation, their average T» was
14.6% lower, but these changes were not statistically significant
(P> 0.05).

Multiscale computational studies

At matrix, pericellular, and cellular scales, image-based patterns
of chondrocyte viability matched computational estimates of
amplified strains. The calculated stress—strain relation hysteresis
from the force and displacement measurements of the indentation
test instrument demonstrated how cartilage responds dynamically
to strain rate and was critical validation for our computational
analysis. A significant difference between the stiffness measured in
the linear regions per strain rate was noted (P < 0.001) (Fig. 5).

Image-based patterns of chondrocyte viability closely matched
computational estimates of maximum principal strain and shear
strain, but not interstitial pore pressure or shear stress, suggesting
that principal strain alone may be responsible for cell death at high
strain rates (Fig. 6). We found significant differences in strain and
pore pressure of the PCM and Cells between loading rates
(P < 0.001) (Fig. 7), with amplified strain magnitudes observed at
the cellular scale compared to ECM strain magnitudes. No signifi-
cant differences were found in stress values due to impact
(p > 0.05). Fig. 4.

Discussion

This investigation quantified and assessed the effects of inden-
tation tests in vitro on chondrocyte viability and tissue biome-
chanics of young bovine articular cartilage across a range of
clinically applicable (slow to impact) strain rates. No progressive
chondrocyte death was observed over 7-days, and chondrocyte
viability decreased as strain rate increased. These results suggest
that cell viability in this model system is driven by an initial, acute
damage response that remains unchanged due to possible (e.g.,
cytokine, enzyme) effects that could influence the cell response as a
secondary damage mechanism. We cannot exclude the possibility
of secondary damage effects beyond the duration of our time
course analysis (7 days), or in model systems that differ from our
in vitro conditions.

The strain rate dependence of cell viability directly suggests a
loading threshold for the initiation of excessive chondrocyte death.
Interestingly, peak forces (and stresses) in this study ranged from 4
to 39 N (1-8 MPa) for the strain rate of 80%/s and from 2 to 6 N
(0.4—1.2 MPa) for the strain rate of 0.1%/s. The loss of matrix
structure and the possibility of microcrack formation was sug-
gested by data following 80%/s indentation [Fig. 2(C)]. These find-
ings are supported by the literature, with significant matrix damage
arising beyond a impact threshold’ that is minimized during quasi-
static loading. Additionally, a critical and recent study also directly
identified strain thresholds that impact chondrocyte death, and the
probability of cell death that is strongly correlated strain norm'?,
which aligns with the results presented herein.

The evaluated micro-mechanical Young's moduli demonstrate
how articular cartilage responds dynamically to mechanical stimuli
at the micron-scale. After indentation, AFM imaging characterized a
900 pm? area of the indented area and of the unaffected area.
Correspondingly, an 80%/s strain rate induced a reduction of
~6.8 kPa on tissue stiffness, and the slow strain rate induced a
reduction of ~2.4 kPa. It must be noted that these calculated values
differ by a factor of almost a thousand with the macro-mechanical
calculated Young's moduli, which is consistent with known scale
effects experimentally observed in cartilage’® . Correspondingly,
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Fig. 4. Spatially-dependent (local) strains were increased near the tissue-indenter interface within cartilage following 80%/s strain rate indentations compared to the 0.1%/
s indentations. Representative dual MRI data of the (A) displacement along y-axis, i.e., the loading direction, maximum shear strain, and second principle strain. (B—C) Additionally,
the quantitative MRI parameter Ty,, which assesses tissue structure, was unchanged in samples following loading.
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the (first Piola-Kirchhoff) stress—strain during indentation and (B) corresponding elastic property data (*P < 0.001).

previous studies have shown that cell stiffness ranges in kPa,
cartilage in MPa, and collagen in GPa>'~>>. This suggests that the
AFM evaluated stiffness at the cellular or local matrix scale, with
lower stiffness measured following loading at the 80%/s strain rate.

The evaluated macro-mechanical Young's moduli demonstrate
the poro-viscoelastic nature of bovine articular cartilage. Specif-
ically, at 0.1%/s articular cartilage exhibits a more viscous dissipa-
tion that allows the tissue to deform to the indentation without
significant viability changes; however, tissue softening still occurs.
The poro-viscoelastic nature of articular cartilage depends on the
structural components in articular cartilage that include water
diffusion, proteoglycans, and type Il collagen®®. These components
classify articular cartilage as a multiphase medium with two pha-
ses: a fluid phase and a solid phase. Since cartilage is predominantly
composed of water, contact forces induce high interstitial fluid
pressures that cause fluid to flow out of the ECM. Due to the porous
structure of the ECM, its permeability controls the rate at which
fluid pressure can be relieved during mechanical loading, and faster

loading induces more resistance and thus apparent stiffness of the
tissue under compression. This can be seen in our results, since the
0.1%/s strain rate appears to be softer than the 80%/s by almost a
factor of 10. It must be noted that the time duration to reach a 40%
strain magnitude was 0.5 s and 400 s for 80%/s and 0.1%]s,
respectively.

Changes of mechanical properties of the tissue matrix were
supported by dualMRI strain maps, as strains were increased on the
samples experienced fast indentation indicating matrix degenera-
tion and softening. Our intra-tissue analysis supports regional
patterns of altered strain visualized by finite element analysis. The
MRI data further suggested larger matrix softening at higher strain
rate, as structural elements (e.g., collagen) would be unable to
support loading following damage. We noted the decreased ability
of standard MRI relaxometry to detect matrix damage, however
trends the data support the possibility that increased sample sizes
would enable robust quantification of differences between treat-
ment groups at the population level.
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Fig. 6. Indentation at high strain rate leads to increased principal and shear strain patterns that match observed patterns of cell death. Full-field mechanical quantities were
computed through the cross section of cartilage in silico, and used to identify quantities within the tissue and beneath the indenter that were amplified during rapid (80%/s) loading
compared to slow (0.1%/s) loading, i.e., similar to cell viability data. Mechanical quantities were largely unchanged due to loading rate, except for pore pressure (throughout the
interior) and maximum principal and shear strain (white arrows) that were increased in magnitude at the cartilage—indenter interface at rapid (white arrows) compared to slow

(dark grey arrows) loading.

By comparing the results of the FE model against cell viability,
the spatial pattern of cell death at the cartilage—indentor interface
qualitatively matched the pattern of maximum principal strain and
shear strain in both loading conditions. This results supports the
idea that the maximum principal and shear strain experienced at
the bulk tissue level influences chondrocyte death. It may seem
inconsistent that strain drives cell death, since both the slow and
fast strain-rate compressions undergo the same applied displace-
ment, and thus the same compressive strain at the macro or bulk
scale. However, under fast strain-rate compression, the bulk tissue
must deform isochorically as there is no time for significant fluid
transport, and thus the lateral strains must be larger relative to the
slow strain rate loading. In slow strain-rate compression fluid
transport reduces the fluid volume fraction, lowers the effective
bulk Poisson's ratio, and reduces the lateral strains. Consequently,
rapid loading in cartilage at the indentor—tissue interface can lead
to excessive local strains that transfer across scale to impact cells.

Within the FE models, maximum principal strain and maximum
shear strain is transferred across scale and region, directly influ-
encing the strain observed in the PCM, and importantly, in cellular

regions. In contrast, stress was elevated with rapid (80%/s) strain
rate loading. Moreover, interstitial pore pressure appeared to vary
the greatest between the two loading conditions with the pressure
being significantly higher during the faster loading condition.
However, distributions of interstitial pore pressure within cartilage
do not match patterns of cell viability observed in this study. The
pore pressure of the tissue is a time-dependent response to loading
rate>, We attribute this to the tissue, and subsequently the chon-
drocytes, ability to resist the fast strain rate with interstitial fluid
within the tissue. Intermittent bouts of hydrostatic pressure
loading have been found to result in chondrocyte metabolism and
apoptosis>®. We found that the pore pressure of the chondrocytes
also increased with a faster loading rate, possibly correlating cell
death with this condition, albeit with patterns that remain incon-
sistent with cell viability.

Results of the present study implicate that indentation probing
allows for the characterization of biomechanical properties of
articular cartilage, along with assessing the correlation between
strain rate and strain magnitude on chondrocyte viability. Chon-
drocyte viability decreased in the cartilage regions immediately
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Fig. 7. Strain is amplified in the interstitial extracellular matrix, pericellular matrix, and cellular (Cells) regions in samples following rapid (80%/s) compared to slow (0.1%/s)
strain rate loading. Pore pressure was also increased in ECM, PCM, and cells, however, patterns of pressure did not match cell viability. In contrast, maximum principal and shear
strains were amplified at each level, and there was a qualitative similarity between computational outcomes and patterns of cell viability. With the exception of the pore pressure,
stress values were less influenced by strain rate at each spatial scale (*P < 0.05; **P < 0.0001).

under the indentation in tissue samples compressed at 80%/s vs
0.1%/s. Notably, damage propagation over 7 days did not occur in
samples exposed to 80%/s indentation. As assessed from the force
and displacement measurements generated from AFM measure-
ments and the indentation test instrument, the poroelastic nature
of cartilage behavior depends greatly on strain rate. This was
observed after samples compressed to 80%/s demonstrated a sig-
nificant decrease in stiffness when compared to 0.1%/s indentation.
The decrease in micro- and macro-mechanical stiffness was
~4.6 KPa and ~12 MPa, respectively, suggesting that damage to the
cartilage solid matrix (e.g., collagens, proteoglycans) may occur
during rapid compression. Understanding the role of specific
biomechanical and biochemical factors leading to cell death and
matrix damage may lead to a better understanding of post-injury
OA.
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