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Abstract

Objective—To examine the functional behavior of the surface layer of the meniscus by
investigating depth-varying compressive strains during unconfined compression.

Design—~Pairs of meniscus and articular cartilage explants (n=12) site-matched at the tibial
surfaces were subjected to equilibrium unconfined compression at 5, 10, 15, and 20% compression
under fluorescence imaging. Two-dimensional deformations were tracked using digital image
correlation. For each specimen, local compressive engineering strains were determined in 200pm
layers through the depth of the tissue. In samples with sharp strain transitions, bi-linear regressions
were used to characterize the surface and interior tissue compressive responses.

Results—Meniscus and cartilage exhibited distinct depth-dependent strain profiles during
unconfined compression. All cartilage explants had elevated compressive engineering strains near
the surface, consistent with previous reports. In contrast, half of the meniscus explants tested had
substantially stiffer surface layers, as indicated by surface engineering strains that were ~20% of
the applied compression. In the remaining samples, surface and interior engineering strains were
comparable. Two-dimensional Green's strain maps revealed highly heterogeneous compressive
and shear strains throughout the meniscus explants. In cartilage, the maximum shear strain
appeared to be localized at 100-250pum beneath the articular surface.

Conclusions—Meniscus was characterized by highly heterogeneous strains during compression.
In contrast to cartilage, which consistently had a compliant surface region, meniscal explants were
either substantially stiffer near the surface or had comparable compressive stiffness through the
depth. The relatively compliant interior may allow the meniscus to maintain a consistent surface
contour while deforming during physiologic loading.
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INTRODUCTION

Avrticular cartilage and meniscus play crucial roles in load bearing and load distribution,
providing stability as well as lubrication during movement of the knee joint. The
biomechanical functions of cartilage and meniscus are strongly dependent on tissue
geometry, ultrastructure, and composition. In an osteoarthritic knee, degradation of cartilage
and meniscus involves alterations in biochemical composition, leading to compromised
mechanical function and altered load transfer within the joint[1]. These changes in load
distribution can in turn induce further degeneration of the tissues in the knee joint and
accelerate disease progression[2]. Understanding the structure-function relationships in
normal tissue provides valuable baseline information to elucidate the roles of tissue level
mechanical changes in the initiation and progression of degenerative joint disease.

Both the ultrastructure and biochemical composition vary significantly throughout the tissue
in both cartilage and meniscus[1,3], contributing to variations in mechanical properties and
conferring specific mechanical functions. In the superficial zone of articular cartilage, the
relatively low proteoglycan (PG) content and high water content lead to a relatively low
compressive modulus, while the dense collagen fibrils oriented parallel to the articular
surface contribute to a high in-plane tensile modulus in the surface region[4]. The
combination of a relatively high PG content and a low water content results in a higher
compressive modulus in the middle zone[5]. In meniscus, the superficial zone is
characterized by a fine mesh of randomly oriented collagen fibrils lying above a lamellar
layer of collagen fibril bundles[6], while the interior of the tissue consists of bundles of
circumferentially oriented collagen | fibers surrounded by a secondary network composed of
multiple collagen types and PGs[7-10]. The circumferentially oriented collagen fibers are
responsible for sustaining high tensile hoop stresses due to compression and extrusion of the
meniscus, and the density, orientation and distribution of the circumferential fibers strongly
influences the macroscopic tensile, compressive and shear responses[3,11-13].

Image-based techniques involving digital image correlation and related texture analysis
procedures have provided valuable insights into the spatially varying mechanical properties
of articular cartilage. Studies examining depth-varying strain distributions in cartilage during
both unconfined and confined compression have shown that the surface region experienced
significantly higher compressive strain compared to the rest of the tissue. Schinagl et al.[14]
found that the compressive modulus increased 15-fold over the first Imm beneath the
articular surface in mature bovine patellofemoral groove cartilage. This progressive increase
in compressive modulus with depth has been observed consistently in articular cartilage
from different joints, species and ages[14-19]. These techniques have been extended to
examine cartilage mechanics in a variety of other situations, including strain fields
surrounding indenters[20] and cartilage defects[21,22], relationships between macroscopic
strain and chondron deformation[23], compression of cross-sections of intact joints[18,24],
and shear properties under static, dynamic and sliding conditions[25-28]. In contrast, few
studies have similarly focused on the details of fibrocartilage tissue mechanics. Image
analysis techniques have been used to examine strain fields in rat intervertebral disc under
compression[29] and in bovine annulus fibrosus under dynamic shear [30]. Upton et al. [31]
used texture analysis to determine macroscale strain distributions in meniscus samples under
tension for comparison to cell level deformations. Overall, however, relatively little is
known about the spatially varying mechanics of meniscal tissue, and in particular the depth-
varying compressive properties.

Due to the lack of information on the depth-varying compressive properties of meniscal
tissue and the functional behavior of the meniscal surface, the objective of this study was to
characterize and compare depth-varying compressive strains in articular cartilage and
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meniscus during unconfined compression. Two-dimensional intra-tissue compressive strain
and shear strain distributions were examined for site-matched bovine meniscus and cartilage
explants using fluorescence microscopy and digital image correlation. Due to the known
variations in ultrastructure and composition through the depth, depth-dependent strain
profiles were expected in both tissues.

Sample Preparation

Cylindrical cores were isolated with a 6mm biopsy punch from the central portion of the
medial meniscus and site-matched tibial articular cartilage (n=12 cores per tissue; Figure 1)
of 6 immature bovine stifles (Research 87, Boylston, MA) from 6 different donor animals
(1-3 pairs of matched cores per animal). The harvested tissue specimens were frozen and
stored at —20C in phosphate buffered saline (PBS, Invitrogen, Carlsbad, California) with
protease inhibitors (PIs, Protease Inhibitor Cocktail Set I, EMD Biosciences, San Diego,
California). Prior to mechanical testing, the tissue specimens were thawed to room
temperature, punched into 4mm diameter cores, and trimmed to 1500pm deep truncated
cylinders with intact tibial surfaces using a sliding microtome with a freezing stage. The
final thicknesses (surface to base) were 1330 (1280,1380) wm and 1310 (1240, 1380) um for
meniscus and cartilage specimens, respectively. To minimize possible effects of anisotropy
on compression results in the meniscal explants, the half-cylinders were cut consistently
such that the circumferential collagen bundles ran perpendicular to the cutting surface.
Tissues were treated with 1uM ethidium homodimer-1 (EthD-1, Invitrogen, Carlsbad,
California) in PBS for 3 hours at room temperature to fluorescently label dead cell nuclei in
order to track tissue deformation during compression tests.

Mechanical testing to obtain equilibrium compressive modulus

To obtain the equilibrium compressive modulus of the tissue specimens, 7 matched pairs of
the 4mm diameter meniscus and cartilage tissue cylindrical cores were subjected to
unconfined compression using a materials testing machine (Instron 5848, Instron, Canton,
MA) before being trimmed to half-cylinders. Tissue cores were compressed at a rate of 1um/
sto 5, 10, 15, and 20% nominal applied strain (gappiieq) and allowed to stress-relax for 20
minutes at each offset. The equilibrium modulus was determined by linear regression of the
relaxed stress against the nominal applied strain.

Mechanical Testing to Investigate Local Strain Distribution

Half-cylindrical tissue cores were subjected to unconfined compression in a custom
compression device consisting of a digital depth micrometer and a bath chamber (Figure 3)
fitted on an inverted fluorescence microscope (Axiovert 200M, Carl Zeiss Microlmaging,
Jena, Germany). The microscope was equipped with ApoTome optical sectioning module
that removed out-of-focus information within the tissue sample prior to image acquisition,
resulting in cell nuclei visualization of sharper contrast. Tissue specimens were placed in the
bath chamber against a glass slide on the bottom of the chamber such that two-dimensional
(2D) positions of cell nuclei throughout the tissue could be clearly visualized (Figure 1).
After equilibration in PBS + 0.1X PlIs for 40 minutes, 10 fluorescence images along the out-
of plane direction (Az = 5um) were acquired with a Cy3 filter so that the cell nuclei within
the tissue could be visualized (Figure 2A). For meniscal specimens, an additional set of
fluorescence images was taken using a DAPI filter set with which the secondary fiber
network can be visualized due to autofluorescence (Figure 2B). To capture the full depth of
the tissue sample, three to four overlapping images were recorded and stitched together
using ImageJ (National Institutes of Health, Bethesda, MD). Specimen thickness was
determined by averaging three measurements in the stitched image. Samples were manually
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compressed with a digital depth micrometer by 5% of the original thickness at ~1pum/s and
allowed to stress-relax for 20 minutes before a second image set was acquired. This process
was repeated for three additional 5% compression steps up to a total of 20% eappjied- All
tissue specimens were imaged with a 10X objective at 0.63um/pixel.

Tissue Deformation and Engineering Strain Determination

A 2D digital image correlation (DIC) code written in MATLAB (Version 4.6, The
Mathworks, Natick, MA) was used to determine tissue deformation by correlating
fluorescence images taken at consecutive compression steps. Specifically, square grids of 40
pixels spacing were constructed on the image of an undeformed tissue and Lagrangian
displacements (relative to the undeformed image) were obtained by updating the grid
locations based on correlations between images of consecutive compression steps. To avoid
artifactual influences of the cut surface at the base of the samples, displacement and strain
profiles were examined only over the first 1000um beneath the articular surface of the
~1300um thick samples.

To produce depth-dependent displacement profiles, displacements were averaged over a
lateral width of 600um at 40 pixels (25.2 um) spacing through the sample depth for all
successfully correlated grid points. To analyze local variations with depth in the
compressive engineering strain, displacement profiles over the first 1000um beneath the
articular surface were separately examined for five sequential 200um-thick segments. Each
segment was least squares fitted with a best-fit line, with the slope represented the average
engineering strain in the segment. For tissue specimens that exhibited sharp transitions in
displacement slope beneath the surface (Figure 3A and B), a bilinear regression was least-
squares fitted to the displacement profile to divide the tissue into surface and interior
regions. With this bilinear analysis, the average engineering strains in the surface and
interior regions could be quantified. An additional parameter, the transition depth, defined
the thickness of the surface region at each compression level. The surface to interior
equilibrium modulus ratio was given by the ratio of interior to surface engineering strains.
Note that while the engineering strain is convenient for describing regionally averaged
variations in compression and comparison to the applied nominal strain, it is not a
mathematically consistent measure of finite deformation such as the Green’s (Lagrangian)
strain.

For visual comparisons of 2D strain patterns, in-plane components of the Green’s strain
tensor were determined under the assumption that out-of-plane shear was negligible. As the
DIC algorithm occasionally failed to converge for isolated grid points, uncorrelated regions
were interpolated by averaging the neighboring 3X3 grid points. The resulting 2D
displacement map was subsequently smoothed over 3X3 grids to generate a continuous
displacement field. Partial gradients (u, Uy, Vy, Vy) were determined with central
differencing and Green’s strain components (Exy, Eyy, Exy) were obtained.

Statistical Analysis

All statistical analyses were performed using Minitab (Version 15, Minitab, Inc., State
College, PA). Repeated measures general linear models (GLMs) were used for all analyses,
with animal as a random factor and site nested within animal. For each tissue and for
identified subsets of meniscal tissue samples, the local engineering strain was examined with
applied strain and segment (layer) as fixed factors. For bilinear fits, regional engineering
strains were evaluated with region (surface or interior) and tissue as fixed factors and
applied strain as a covariate (including significant interaction terms). Transition depth and
modulus ratio (log transformed prior to analysis) were evaluated with tissue as a fixed factor
and applied strain as a covariate (including significant interaction terms). Bonferroni’s test
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was used for pairwise planned comparisons and significance was at p<0.05. Values are
reported as means with boundaries of 95% confidence intervals (lower limit, upper limit).

The equilibrium compressive moduli for cartilage and meniscus tissue samples (n=7 each)
were 447 (363, 531) kPa and 23.6 (17.7, 29.5) kPa, respectively. Note that the unconfined
compression modulus of meniscus samples is substantially lower than values reported for
the aggregate (confined compression) modulus[13,32], but is consistent with multiple
reports of the unconfined compression behavior of meniscal explants[33-35]. Both tissues
exhibited depth-varying strain responses to unconfined compression involving increasing
local engineering strain with increased applied nominal strain, but the patterns of the
responses varied substantially between tissues.

In cartilage samples, the local engineering strain decreased progressively with depth from
the tibial surface (Figure 4A). At 5% eappiied, the average local engineering strain was
significantly higher in the first layer (0-200pm) than in all deeper layers (p<0.0001), with
no other significant differences between layers (p>0.9999). The mean engineering strain was
3.7 times ggppjied in the first layer (0-200um) and decreased to 0.28 times eappjieq at 800—
1000um beneath the surface (Figure 4A). As gappiied increased, the variations with depth in
local engineering strain became less abrupt. At ezppjieq Of 10%, local engineering strains
progressively decreased through the first three layers (all comparisons p < 0.0007), but did
not significantly vary among the last three layers (400-1000um beneath the surface, all
comparisons p > 0.89). At eapplied Of 15% and 20%, local engineering strains progressively
decreased through the first four layers beneath the tibial surface (all comparisons p <
0.0005), but did not significantly differ between the last two layers (p>0.9999). At 20%
€applied> the mean engineering strain was 2.3 times ggppjieq in the first layer and decreased to
0.35 times eappiieq in the fifth layer beneath the surface.

In contrast, the local engineering strains in meniscus samples increased with depth from the
surface (Figure 4B), with an overall pattern that did not vary with increasing applied strain
(non-significant interaction). For meniscus samples, the local engineering strains in the first
200um layer were significantly lower than in the third (p=0.045), fourth (p=0.0024) or fifth
(p=0.0001) layer, and the local engineering strain in the second layer was significantly lower
than in the fifth layer (p=0.0071). At 20% eappiied, the average engineering strain in the first
layer was 0.66 times eapplieq and increased to 1.1 times eapplieq in the fourth layer beneath
the surface.

While all cartilage explants and half of the meniscus explants exhibited a sharp transition in
displacement through the depth of the tissue (Figure 3A and B), some meniscus samples
showed no apparent depth-dependent strain response (Figure 3C), with no significant
variation in engineering strain among the five 200um layers in this subset of samples
(p=0.63). As a result, bilinear regression was used to analyze the subset of meniscal samples
with distinct surface and interior responses and the site-matched cartilage samples (n=6/
tissue). Engineering strains in all regions increased with eapplied (P<0.001). In cartilage, the
surface region engineering strain was 3.04 (2.46, 3.62) times eppjied, While the interior
engineering strain was 0.341 (0.304, 0.378) times e,ppiied (Figure 5A). On the contrary,
meniscus samples had a relatively low surface engineering strain of 0.211 (0.130, 0.292)
times egpplieg COmpared to the interior engineering strain of 1.43 (1.25, 1.61) times &appjied
(Figure 5B). The surface region had substantially higher engineering strains than the interior
region in cartilage (p<0.001) but substantially lower engineering strains than in the interior
in meniscus (p<0.001). Comparing tissues, for a given applied strain the surface region had a
higher engineering strain in cartilage than in meniscus (p<0.001), while the deep region had
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a higher engineering strain in meniscus than in cartilage (p<0.001). It is important to note
that the size of the surface and interior regions changed with applied strain, with the
transition depth defining the limit of the surface region. The variation in transition depth
with ggpplieg Was significant (p<0.001) and strong for both tissues, but showed opposite
trends for cartilage and meniscus (Figure 6), moving deeper into the tissue in cartilage but
towards the surface in meniscus with increased applied strain. The ratio of surface to interior
equilibrium moduli determined from the strain ratios indicated that the cartilage equilibrium
modulus was an order of magnitude higher in the interior region, while the opposite was true
for meniscal tissue (Figure 7). The log-transformed modulus ratio increased modestly with
€applied for cartilage (p=0.011, slope = 0.023) and decreased significantly but not
substantially with applieg for meniscus (p=0.049, slope = —0.003).

Two-dimensional Green’s strain maps revealed interesting and distinct strain patterns in
cartilage and meniscus (Figure 8). Cartilage exhibited relatively uniform compressive and
shear strains when comparing regions at the same depth from surface, and the general
pattern was consistent across samples. Interestingly, a distinct region of relatively high shear
strain was apparent, with a maximum shear strain occurring at approximately 100-250um
beneath the cartilage surface. On the contrary, 2D distributions of all strain components
were highly heterogeneous within meniscal samples, particularly in the deep interior
regions, and there was substantial variation in the strain patterns between samples, likely
reflecting the heterogeneous tissue structure.

DISCUSSION

This study employed a 2D digital image correlation-based strain mapping technique to
compare the depth-dependent compressive responses of cartilage and meniscus explants.
There are some potential limitations to this approach, particularly due to the lack of
deformation measurements in the out-of-plane direction. Although cut carefully while
frozen, the thawed samples were not perfectly flat and the unconfined compression
configuration did not involve out-of-plane constraints. Minute out-of-plane motion of the
tissue is unavoidable especially when large deformation occurs; as a result, the 2D strain
measurements might not be sufficient to describe the material’s deformation behavior, and
some cell nuclei may be “lost” between sequential images due to out-of-plane motion.
Creation of the flat surface for visualization inherently requires disruption of the
extracellular matrix, which may influence the tissue behavior near the imaged surface. Due
to this and the inherent heterogeneity in tissue structure (particularly in meniscal samples),
2D strain field may not fully reflect the overall deformation behavior. Despite these
limitations, however, 2D strain-mapping techniques have been used to examine strain fields
in many biological tissues[14,28,31,36,37], and the comparison of cartilage and meniscus
yields valuable and relevant insights into the behaviors of these two adjacent tissues.

Cartilage and meniscus exhibited fundamentally different depth-varying responses to
compression. Consistent with previous findings in articular cartilage[14—18], the local strain
in articular cartilage decreased with depth from the tibial surface, indicating a depth-
increasing compressive modulus. The relatively compliant surface layer in cartilage has
been proposed to play a role in enhancing joint congruity[14]. The strain distributions with
depth also depended on the bulk compressive strain applied to the tissue. With increased
€applieds the surface-to-interior modulus ratio increased towards unity, indicating a more even
strain distribution through the tissue depth. As eappieq increased, the apparent transition
depth also increased (Figure 5), engaging more tissue in the (relatively) elevated
deformation under applied compression.
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Half of the meniscus specimens also exhibited a distinct depth-varying compressive
response, but with a strikingly different pattern from cartilage. In these meniscus specimens,
a large surface region showed relatively little deformation at low e,ppjieq, but the decrease in
transition depth implied that the thickness of this surface region decreased rapidly with
increased eapplied- The thickness of the low strain surface region showed large variations
from sample to sample, ranging from 87.7 to 871um at 5% eappiied, Perhaps reflecting the
extremely heterogeneous mesostructure of meniscus. The progressive decrease in surface
region thickness with increased eappiieq illustrated that deformation response to compression
propagated “inside-out” in meniscal tissue, in sharp contrast to the behavior of cartilage. The
rapid expansion of the relatively high strain interior region towards the surface in meniscal
tissue might be attributed to structural transformation relating to collagen fiber
reorganization. In fact, increasing buckling of the secondary collagen fibers and shearing/
reorganization of the circumferential collagen fiber bundles with increasing esppjieq Were
observed in fluorescence images of meniscus explants (Figure 2B). These internal structural
transformations may allow the tissue to redistribute compressive strain and adjust to changes
in loading while maintaining surface contour and integrity, contributing to the maintenance
of joint congruity in a very different manner from articular cartilage. Overall, while strain
patterns in cartilage samples were quite consistent, the 2D strain patterns observed in
meniscus appeared to be more complex and variable both within and between samples,
which could be attributed to the non-uniform organization of collagen fiber structures. This
is consistent with earlier observations of substantial intra- and inter-sample heterogeneity in
strain fields for porcine meniscal tissue under circumferential tension[31]. Interestingly,
while a distinct layer (ranging from approximately 100-250um thick) was observed in the
fluorescence images of meniscal tissue, possibly indicating the location of the superficial
and lamellar layers (Figure 2B), there was no obvious relationship between compressive
strain transition depth and the thickness of this surface layer.

Contrary to articular cartilage, few reports have addressed the depth-varying compressive
properties in the meniscus. Proctor et al.[13] performed confined compression tests on 1mm-
thick cylindrical cores obtained from the femoral surface (surface) and from interior (deep)
of mature bovine medial menisci. The average aggregate modulus (determined via confined
compression tests) from central medial menisci was approximately 400kPa and did not vary
significantly between the surface and deep layer. Similarly, a preliminary study from our
laboratory using consecutive 2mm thick samples of immature bovine meniscus found no
significant differences with depth in equilibrium or dynamic unconfined compression
moduli or in dynamic shear moduli[38]. In contrast, results from the current study indicated
that the surface region of meniscus has a significantly higher compressive modulus than the
interior of the tissue. While animal age and loading protocol (unconfined vs. confined
compression) differed among these studies, the approach taken in the present study allowed
examination of the tissue deformation response with much finer spatial resolution, leading to
new insights into depth-varying meniscal function.

Although applied strain was in the axial direction only, lateral expansion and structural
transformation of the tissue during unconfined compression induced internal shear in the
tissue specimens. Maps of Eyy (shear component of Green’s strain) revealed a characteristic
maximum shear band at 100-250um beneath the articular surface in cartilage specimens
(Figure 8). The observation of sub-surface maximum shear band is consistent with the
findings in shear testing conducted by Buckley et al.[27,28], showing minimum shear
modulus at 50-250 pum below the articular surface at the boundary of the superficial zone.
This result might be a consequence of local buckling of collagen fibers at the transition zone
separating the superficial zone which is populated with tangential collagen fibrils and the
middle zone which is characterized by randomly oriented fibril[28]. In contrast, no
characteristic depth-varying shear pattern was observed in meniscus specimens. In general,
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meniscus exhibited highly heterogeneous shear strain, likely reflecting material
inhomogeneity and structural transformations such as collagen fiber buckling within the
tissue. It should be noted that in meniscal specimens that exhibited low surface compressive
strain, the shear strain in the surface region was minimal, indicating little deformation in
surface region in contrast to the interior of the tissue.

The results of this study showed that cartilage and meniscal tissue have very distinct depth-
dependent responses to compressive deformation. Although the geometry of the tissue
specimens as well as the unconfined compression loading protocol may not accurately
reflect actual strain distributions within the tissue during physiological loading conditions,
these findings provide important baseline knowledge of the intrinsic depth-varying
mechanical properties of meniscus. While the functional role of the circumferential collagen
fibers in sustaining tensile hoop stress within the meniscus during compression has been
well described in literature, the role of the extensive secondary fiber network (referred to as
tie fibers in most earlier studies) under compression has received little attention. Skaggs et
al.[39] showed that these secondary fibers, referred to as ‘radial tie fibers’, increased tensile
modulus of the tissue and suggested its role in preventing excessive extrusion of the
meniscus during compression by constraining the main fiber bundles. For the first time, we
were also able to observe internal structural organization of the collagen bundles and
buckling of the secondary fiber network within the meniscal tissue during unconfined
compression, suggesting possible role of the secondary fiber network in compressive load
bearing. These tests were by necessity conducted in the absence of normal tension in the
circumferential fiber bundles, resulting in greater compliance than would be found
physiologically. Nevertheless, these observations indicate that the matrix surrounding the
circumferential fibers is functionally important and merits further investigation. In vitro, the
initial stages of meniscal tissue degeneration involve proteoglycan catabolism within this
secondary matrix, producing a drastic reduction in macroscopic compressive and shear
properties[33]. Similar processes during early stages of meniscal degeneration may impair
the normal biomechanical functions of the meniscus resulting in increased deformation and
movement of the meniscus and alterations in load transfer, possibly contributing to a
cascade of degenerative responses in both meniscus and cartilage.
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Figure 1.

Schematics of (A) a tissue core harvested from medial meniscus at the tibial surface and (B)
experimental setup of the compression test. Semi-cylindrical tissue cores were sandwiched
between two glass slides and deformation profile as indicated by fluorescently labeled cell
nuclei were recorded after each stress-relaxation step. The darker regions in the cross-
sectional image demonstrate the extensive, interconnected secondary network surrounding
the circumferential collagen fibers (lighter regions) in meniscal tissue.
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Figure 2.

Fluorescence images of (A) cartilage showing cell nuclei and (B) meniscus showing the
secondary fiber network in the uncompressed state (top) and at 5%, 10, 15, and 20% applied
strain (bottom).
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Representative axial displacements (mean with 95% confidence interval, n=17-192
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XX

0.2

-0.2

interior

successfully correlated grid points at each depth) of (A) cartilage and (B,C) meniscus
samples at 5, 10, 15, 20% eapplieq- Solid lines connect the mean displacements for each
eapplied: and dotted lines (A,B) represent bilinear regressions fit to the average displacements
at each egppjieg- All cartilage and half of the meniscal samples exhibited clear transitions in
nominal strains (A,B), while the remaining meniscus samples had no abrupt changes with

depth (C).
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Figure 4.

Compressive engineering strains in the first five 200-um tissue layers beneath the tibial

surface in (A) cartilage and (B) meniscus (mean with 95% confidence interval, n=12
samples).
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Figure 5.

Variations in local nominal strains with increased applied strain in matched (A) cartilage
(left) and (B) meniscus samples for pairs including meniscal explants displaying distinct
strain transitions (mean with 95% confidence interval, n=6 samples).
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Figure 6.
Transition depth as a function of ezppjieq for pairs including meniscal explants displaying
distinct strain transitions (mean with 95% confidence interval, n=6 samples).
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Figure 7.

Modulus ratio as a function of eapplieg for pairs including meniscal explants displaying
distinct strain transitions (mean with 95% confidence interval, n=6 samples).
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Figure 8.

Representative contour maps of 2D Green’s strain components: normal strain in the
dire_ction of (Exx) and tr_ansverge to (Eyy) the applied corT_]pression_ and shear strain (Eyy) for
cartilage (left) and meniscus (right) at 10% eappiieq Cartilage strain patterns were
qualitatively consistent across multiple samples, while meniscal strain patterns were highly
variable both within and between samples.
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