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Human talar and femoral cartilage have distinct mechanical properties
near the articular surface
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Talar osteochondral lesions (OCL) frequently occur following injury. Surgical interventions such as
femoral condyle allogeneic or autogenic osteochondral transplant (AOT) are often used to treat large talar
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OCL. Although AOT aims to achieve OCL repair by replacing damaged cartilage with mechanically mat-
ched cartilage, the spatially inhomogeneous material behavior of the talar dome and femoral donor sites
have not been evaluated or compared. The objective of this study was to characterize the depth-
dependent shear properties and friction behavior of human talar and donor-site femoral cartilage. To
achieve this objective, depth-dependent shear modulus, depth-dependent energy dissipation and coef-
ficient of friction were measured on osteochondral cores from the femur and talus. Differences between
anatomical regions were pronounced near the articular surface, where the femur was softer, dissipated
more energy and had a lower coefficient of friction than the talus. Conversely, shear modulus near the
osteochondral interface was nearly indistinguishable between anatomical regions. Differences in energy
dissipation, shear moduli and friction coefficients have implications for graft survival and host cartilage
wear. When the biomechanical variation is combined with known biological variation, these data suggest
the use of caution in transplanting cartilage from the femur to the talus. Where alternatives exist in the
form of talar allograft, donor-recipient mechanical mismatch can be greatly reduced.

& 2016 Published by Elsevier Ltd.
1. Introduction

Talar osteochondral lesions (OCL) have been reported with
increasing frequency, due to higher resolution imaging and
increasing sporting activity in an aging population. Most talar OCL
result from a traumatic event, typically an ankle sprain. An esti-
mated 50% of significant ankle sprains result in some form of
cartilaginous injury (Ferkel and Chams, 2007; Saxena and Eakin,
2007; Takao et al., 2005). Of these OCL, 50% require some form of
surgical intervention (Zengerink et al., 2010).

The long-term aim of OCL treatment is to restore the mechanical
function of native talar cartilage, and to thereby prevent or delay
all, Ithaca, NY 14853, United

.
gineering, University of Wis-
progression of joint degeneration (Zengerink et al., 2010). To
achieve this aim, two broad treatment options are available; either
to repair the cartilage or replace it. While reparative strategies,
including microfracture and microdrilling, have shown good short
to medium term clinical outcomes, longer term outcomes in larger
lesions are less promising (Savage-Elliott et al., 2014).

Larger talar OCL are typically treated by replacing defective
cartilage and bone with an allogeneic or autologous osteochondral
transplant (AOT), typically from the ipsilateral femoral condyle.
Clinical outcomes following AOT have been excellent with func-
tional scores of 90% or greater being reported in short and medium
term outcome studies (Hangody et al., 2008; Valderrabano et al.,
2009). Despite these excellent functional outcomes, concern
remains regarding long term implications of mismatches in
mechanical behavior between recipient and donor cartilage.
Radiographic outcomes in several studies suggest that biologic
integration between host and graft may not be optimal. For
example, cyst formation in the subchondral bone has been shown
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Table 1
Specimen characteristics. An 'X' marks joints that were used in this study. Each
ankle provided nine samples and each knee provided two samples.

Specimen Gender Age (years) BMI (kg m�2) Ankle Knee

L R L R

1 M 57 17 X
2 F 47 23 X X
3 F 52 23 X
4 F 47 24 X X
5 M 69 19 X
6 M 63 26 X
7 M 71 35 X
8 M 75 35 X
9 M 60 25 X
10 F 59 27 X X
11 F 60 21 X X
12 M 48 18 X
13 M 55 35 X
14 M 49 30 X

Fig. 1. (A) Osteochondral cores were removed from three anatomical regions on
the talus, with three cores from each region. (B) Osteochondral cores were removed
from two common donor-site locations on the femur. (C) Each sample was further
divided into a 4 mm diameter sample for friction testing and a partial cylinder for
shear testing. The remainder of a subset of samples was fixed and sectioned for
histology.
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in 67% of patients at a minimum of 43 months follow-up (Val-
derrabano et al., 2009), with biologic intervention via bone mar-
row aspirate insufficient to completely prevent their development
(Kennedy and Murawski, 2011).

Further, previous cadaveric studies evaluating mechanical
implications of graft placement have demonstrated that an ele-
vated graft leads to increased contact pressure on the graft, while a
graft of matched articular surface topology results in increased
contact pressures in surrounding recipient cartilage (Fansa et al.,
2011; Latt et al., 2011). This mismatch in cartilage contact
mechanics may result in part from a fundamental mismatch in
cartilage mechanical behavior between donor and graft cartilage.
Recently, greater attention has being given to allogenic osteo-
chondral grafts in the treatment of OCL (Görtz et al., 2010; Janis et
al., 2010). This is in part due to the concern of donor site morbidity
from autograft harvesting from the knee and in part because of
increasing availability and greater safety associated with allografts
than previously achievable (Mroz et al., 2008; Savage-Elliott et al.,
2014). The possibility exists that topographical variability, cartilage
thickness, and mechanical properties between ankle and knee
cartilage could be better matched if areas of the talus could be
compared to areas of the distal femur. This would allow the sur-
geon an á la carte choice of femoral graft depending on the loca-
tion of the talar OCL.

Cartilage exhibits a wide variety of depth- and location-
dependent complex material behaviors. Shear and equilibrium
cartilage moduli are substantially larger near the osteochondral
interface than near the articular surface (Buckley et al., 2013, 2008;
Chen et al., 2001; Wong and Sah, 2010; Wong et al., 2008a, 2008b),
resulting in larger shear strains at the articular surface than in the
bulk of the tissue (Wong and Sah, 2010; Wong et al., 2010, 2008a,
2008b). Further, most energy dissipation within cartilage occurs
near the articular surface (Buckley et al., 2013, 2008). Spatial
heterogeneity in depth-dependent cartilage mechanical properties
have been reported in immature bovine knees (Silverberg et al.,
2013), but such variations have not been investigated in human
knees and ankles. Talar AOT grafts are commonly obtained from
the patient's ipsilateral femoral condyle, although neither the
biological nor the bulk mechanical properties match those of talar
cartilage (Aurich et al., 2005; Fetter et al., 2006; Quinn et al., 2013;
Schumacher et al., 2002; Treppo et al., 2000). To date, neither the
depth-dependent mechanical behavior of native ankle cartilage
nor that of potential graft tissue from unloaded regions of the knee
has been well characterized. Therefore, the objective of this study
was to characterize the depth-dependent shear properties and
friction properties of human talar and donor-site femoral cartilage,
and to establish the extent of variation in mechanical properties
between these locations.
2. Materials and methods

2.1. Specimens

Nine tali and nine femurs were obtained from 14 cadaveric lower limbs
(Table 1). Cadaveric tissue was obtained from an anatomic donation organization.
During dissection, cartilage was screened for gross abnormality; macroscopically
normal cartilage was used. Osteochondral cores were removed from nine talar
anatomical regions (Elias et al., 2007) as well as from the superomedial and
superolateral trochlear groove, common femoral donor-sites, using an 8 mm coring
tool (Fig. 1A and B). Femoral locations were selected because of their common use
as donor tissue in AOT procedures, in contrast to previous studies that have char-
acterized mechanical behavior of weight-bearing regions (Wong and Sah, 2010;
Wong et al., 2010, 2008a, 2008b). Samples were frozen at �80 °C between dis-
section and testing. Cylindrical cores were split into three samples: a 4 mm dia-
meter osteochondral sample for tribology, a partial cylinder for shear, and the
remainder for histology in a subset of samples (Fig. 1C).
2.2. Shear testing

Shear behavior was characterized using confocal elastography on a custom test
device (Buckley et al., 2013, 2008) (Fig. 2A). Bone was trimmed to create a sub-
chondral surface plane parallel to the articular surface, as confirmed visually under
confocal microscopy (Buckley et al., 2008). Samples were stained in 28 μM 5-DTAF
(Invitrogen, Waltham, MA) for 1–2 h. Following staining, samples were rinsed in
PBS for 10 min to remove unbound dye. Samples were mounted on a custom
backplate using cyanoacrylate. The moving front plate was sandblasted glass to
provide a no-slip condition between the front plate and the cartilage following
axial compression (Buckley et al., 2013). Cartilage thickness was measured under
confocal microscopy; measurements were taken three times across the sample
width and averaged. Samples were compressed axially and allowed to creep until
reaching equilibrium, resulting in a final axial compression of 7.970.7% (range,
6.8–9.7%). One to five lines were photobleached perpendicular to the articular
surface (Fig. 2B). Cyclic shear loading was applied, using 1% shear strain at 1 Hz.
While shear behavior varies with loading frequency (Buckley et al., 2013), 1 Hz was
selected for its relevance to walking (Silverberg et al., 2013). Displacement of the
photobleached lines was imaged during loading at 20 frames per second. After
loading, the axial cross-sectional area was imaged for stress calculations.

Depth-dependent shear modulus, phase angle and energy dissipation were
calculated using established methods (Buckley et al., 2013). Depth-dependent
displacement of photobleached lines was tracked using custom code in MatLab
(The MathWorks, Inc., Natick, MA), then used to calculate depth-dependent shear
strain, shear modulus, phase angle and energy dissipation, by fitting displacement
with a cosine function as described by Buckley et al. (2013).

Well-defined points on depth-dependent curves were obtained to compare
between regions. Minimum and plateau shear moduli were evaluated (Fig. 2C). The
minimum value was the global minimum; consistent with previous studies using
different cartilage sources this typically occurred near the articular surface (Buckley
et al., 2013, 2010; Silverberg et al., 2013). Plateau shear modulus was the average of



Fig. 2. Overview of shear methods. (A) Partial cylinder samples were glued to a stationary backplate, compressed axially, and sheared by a moving front plate. Images were
captured during deformation using a 10� objective. (B) Confocal images demonstrated the location of photobleached lines as a function of time. The vertical line dis-
placement was used to calculate depth-dependent mechanics. (C) Shear modulus, |G*0|, as a function of cartilage depth, overlaid with a single frame from the corresponding
sample. Arrows demonstrate the minimum shear modulus near the articular surface and the deep region shear modulus, a region of nearly constant shear modulus near the
bone. (D) Energy dissipation as a function of cartilage depth demonstrates that the maximum energy dissipation occurs near the articular surface.
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the values where the slope of the shear modulus dropped off. Cartilage thickness,
measured prior to compression, was compared. Maximum energy dissipation, the
peak depth-dependent value, (Fig. 2D) and total energy dissipation through the
cartilage depth were calculated.

2.3. Tribology

Intrinsic boundary mode coefficient of friction of each sample was determined
using a custom tribometer and established methods (Gleghorn and Bonassar,
2008). Boundary mode was selected for analysis because of its consistency across
studies with different counterfaces (Abubacker et al., 2015; Gleghorn and Bonassar,
2008; Schmidt et al., 2007). Cylindrical cartilage samples were attached to pivoting
mounts and compressed against a polished glass surface in a PBS bath. Samples
were compressed 30% axially and allowed to relax for 60 min. Following relaxation,
samples were translated laterally at 0.3 mm s�1 while normal and shear forces
were measured from a biaxial load cell. Friction coefficients were measured from
the ratio of shear to normal force. Reported values are averages from the second
and third of three cycles.

2.4. Histology

To provide confidence that differences between samples were due to anato-
mical variation and not due to degenerative changes, a subset of samples were
histologically evaluated. Sections were fixed in 10% formalin for 48 h, then moved
to 10% EDTA to decalcify the bone. Samples were checked radiographically every
two days after one week in EDTA and moved to 70% EtOH when fully decalcified.
Samples were sectioned to 4 μm for staining (Fig. 1C). Samples were stained with
safranin-O/fast green to evaluate glycosaminoglycan (GAG) distribution, hematox-
ylin and eosin (H&E) to evaluate cell distribution and nuclear morphology, and
picrosirius red to evaluate collagen distribution. Safranin-O/fast green and H&E
slides were viewed under white light and picrosirius red slides were viewed under
polarized light. Samples were scored using established scales for cell, matrix, and
collagen features (Changoor et al., 2011; McIlwraith et al., 2010; Pritzker et al.,
2006). The score for collagen features was based solely on polarized light images
and was inverted from the established scale such that healthy cartilage was scored
as zero. Each feature was scored independently and averaged for the overall his-
tological score. All scores were completed by a single investigator (CRH).

2.5. Statistics

To assess the appropriateness of femoral and talar donor AOT graft for talar
repair, mechanical variables, thickness, and histological scores were compared
using a multilevel mixed-effects linear regression model that accounted for
repeated donors (UCLA: Statistical Consulting Group n.d.). Comparisons were made
between all regions, as well as between the talus and the femur. Model assump-
tions were checked, and a log transform of the variable was used if assumptions
were not met. Linear regression was used to evaluate correlation between variables.
Statistical analyses were completed in Stata (StataCorp LP, College Station, TX).
Repeated measures were corrected via Finner's procedure (Finner, 1993); corrected
P values are reported.
3. Results

Both shear modulus and energy dissipation demonstrated
distinct depth-dependent variation, with deep region shear mod-
uli 48-fold larger than shear moduli near the articular surface on
average (Fig. 3A). Variations in depth-dependent shear moduli
between anatomical regions primarily occurred within 300 μm of
the articular surface. The region nearest the articular surface also
exhibited the largest energy dissipation (Fig. 3B).

The femur was softer than the talus near the articular surface,
but all regions were nearly identical near the osteochondral
interface (Fig. 4A and B). The minimum shear modulus, which
occurred near the articular surface, was 4.4-fold lower in the
femur than in the talus (P¼0.021). On average, minimum femoral
shear moduli were 3.6-, 5.4-, and 4.1-fold lower than the anterior,
equator and posterior talar regions, respectively (Fig. 4A)
(0.1oPo0.15). Minimum shear moduli were nearly identical
within the talus (P40.7). Deep region shear moduli were con-
sistent across all regions (Fig. 4B) (PZ0.2).

Energy dissipation was lower in the anterior talus than in all
other regions, and trended towards being lower in the commonly
injured, equator talus (Elias et al., 2007) than in the femur
(Fig. 4C). Specifically, maximum energy dissipation in the anterior
talus was 1.7–2.5-fold lower than all other regions (Pr0.001).
Maximum energy dissipation in the femur showed a trend
towards being higher than in the equator talus (P¼0.083), but was
not different than in the posterior talus (P¼0.359). Similarly,
energy dissipation was indistinguishable between the equator and
posterior talus (P¼0.359). Overall, femoral maximum energy



Fig. 3. Results as a function of cartilage depth (n¼18 in femur, n¼27 in each talus
region). Articular surface is at zero depth. (A) Depth-dependent shear modulus.
Femoral cartilage was 4.4 times softer near the articular surface than talar cartilage.
In the deeper portion of the tissue, all regions converged to a similar magnitude
plateau. (B) Depth-dependent energy dissipation per volume. Error bars¼standard
deviation.

Fig. 4. Regional differences in cartilage mechanics (n¼18 in femur, n¼27 in each talu
articular surface, was softer in the femur than in the pooled talus. (B) Deep region shear
was smaller in the anterior talus than in all other regions. (D) Coefficient of friction, m
Matched symbols indicate Pr0.05. Error bars¼standard deviation.
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dissipation showed a trend towards being higher than talar max-
imum energy dissipation (P¼0.087). Trends in total energy dis-
sipation mirrored those of maximum energy dissipation (results
not shown).

The femur had a lower boundary mode coefficient of friction
than the talus (P¼0.036). Friction coefficients were not sig-
nificantly different between the three talar regions and the femur
(Fig. 4D) (PZ0.16). The coefficient of friction was nearly identical
within talar regions (P40.8).

While select variables demonstrated significant correlations,
neither thickness nor deep region modulus fully explained
articular surface mechanics (Fig. 5). Relationships were demon-
strated through linear correlations, which had uniformly low R2

values. Thickness was poorly correlated with minimum shear
modulus and coefficient of friction (P40.2, R2¼0.02), but was
significantly correlated with maximum energy dissipation per
volume (Fig. 5A–C) (Po0.001, R2¼0.16). Deep region shear mod-
ulus was significantly correlated with minimum shear modulus
(Fig. 5D) (P¼0.02, R2¼0.07), but poorly correlated with coefficient
of friction and maximum energy dissipation per volume (Fig. 5E
and F) (P40.45, R2r�0.01). Low R2 values indicate that thickness
and deep region shear modulus account for less than 20% of the
variation in energy dissipation, minimum shear modulus and
friction coefficient.

Cartilage thickness varied significantly between all regions.
Femoral cartilage was thicker than talar cartilage (Po0.001).
Cartilage was thinnest anteriorly, increased posteriorly and was
thicker in the femur than in all talar regions (P¼0.003 for anterior
versus equator; Po0.001 for all other comparisons). Anterior talar
cartilage was 1.0370.28 mm thick (range, 0.55–1.66 mm), equator
talar cartilage was 1.4870.25 mm thick (range, 1.10–2.22 mm),
posterior talar cartilage was 1.6270.33 mm thick (range, 1.17–
s group, n¼81 in pooled talus). (A) Minimum shear modulus, occurring near the
moduli were indistinguishable between regions. (C) Maximum energy dissipation
easured at the articular surface, was lower in the femur than in the pooled talus.



Fig. 5. Correlations between values that can be acquired with clinical imaging and mechanical variables at the articular surface (n¼99). (A) Minimum shear modulus versus
thickness. Colors indicate anatomical region as shown in the inset talus and femur. (B) Coefficient of friction versus thickness. (C) Maximum energy dissipation per volume
was positively correlated with thickness, but thickness would still be insufficient to accurately predict energy dissipation. (D) Minimum shear modulus was positively
correlated with deep region shear modulus, although deep region shear modulus would serve as a poor predictor for the minimum shear modulus. (E) Coefficient of friction
versus deep region shear modulus. (F) Maximum energy dissipation per volume versus deep region shear modulus. Solid lines indicate linear correlation.

Fig. 6. Representative histological sections of ankle and knee cartilage.
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2.29 mm) and femoral cartilage was 2.1670.37 mm thick (range,
1.35–2.79 mm).

Histological scores, used to check for cartilage degeneration,
were consistent across regions and did not correlate with any
other variables (Fig. 6). Histological scores were 1.4870.23,
1.4070.17, 1.3470.19, and 1.5270.23 for the anterior, equator,
posterior and femur cartilage, respectively (ranges, 1.19–2.13, 1.19–
1.69, 1.13–1.81 and 1.31–1.94, respectively; healthy cartilage was
scored zero). Differences between regions were not significant
(PZ0.17). Histological score was not significantly correlated with
any other variable (PZ0.14).
4. Discussion

Both autogeneous and allogeneic AOT are common methods of
treating large talar lesions. While short term clinical outcomes
have been promising, concern has recently arisen regarding the
presence of post-operative subchondral cysts seen radio-
graphically at medium term follow up, in up to ⅔ of patients
undergoing talar AOT (Adams et al., 2011; Görtz et al., 2010; Haene
et al., 2012; Valderrabano et al., 2009). Cystic changes in the
subchondral bone are a concern as a harbinger of progressive
subchondral bone and graft collapse. While cystic changes may
reflect mechanical variance between donor femoral and recipient
talar cartilage, the specific mechanical differences between talar
and donor-site femoral cartilage have not been elucidated or
previously investigated. The current study identified differences
between femoral and talar cartilage material properties, with most
differences concentrated within 300 μm of the articular surface.

Differences in mechanical behavior near the articular surface
suggest that clinical autograft failure (Kim et al., 2012) may result
from stress shielding or stress concentrations, and mismatches in
energy absorption and wear. Because cartilage layers are in contact
within the joint, the relative behavior of donor and recipient car-
tilage would be expected to result in failure in different anatomical
regions of the ankle joint. Shear deformation is important for
chondrocyte viability and cartilage failure (Atkinson et al., 1998a,
1998b; Hashimoto et al., 2009; Smith et al., 2004). Further, carti-
lage contact results in both compressive and shear deformation
within the tissue, making shear moduli relevant for normal joint
loading. Thus, differences in minimum shear modulus may be
important for AOT graft failure. Differences in shear modulus
between the femur and talus also account for lower contact
pressures seen on graft cartilage in previous cadaveric studies
(Fansa et al., 2011; Latt et al., 2011). Energy dissipation appears to
be a mechanism that cartilage uses to protect itself from damage
(Bartell et al., 2015; Buckley et al., 2013). Energy dissipation near
the articular surface was greater in femoral than in talar cartilage,
suggesting that femoral cartilage would be relatively protected
when transplanted to the talus. For a surface with a higher coef-
ficient of friction, that surface and the surface it slides against may
be more susceptible to wear. Further, elevated friction coefficients
lead to increased chondrocyte apoptosis (Waller et al., 2013). Thus,
the lower coefficient of friction in the femur than in the talus
suggests damage on cartilage mated to native talar cartilage fol-
lowing autogeneous AOT. While biological differences were not
evaluated in this study, previously established biological differ-
ences between ankle and knee cartilage, such as cell morphology,
cell density, and cartilage metabolism (Aurich et al., 2005; Quinn
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et al., 2013; Schumacher et al., 2002) further underscore concerns
about transferring cartilage grafts from the femur to the talus.

The mechanical mismatch between femoral and talar cartilage
occurred exclusively near the articular surface. This suggests the
importance of matching articular surface properties and of main-
taining articular surface integrity in AOT surgery. While short term
clinical outcomes have been encouraging following autogeneous
AOT, the authors are unaware of studies with follow-up greater
than ten years (Adams et al., 2011; Berlet et al., 2011; Görtz et al.,
2010; Gross et al., 2001; Haene et al., 2012; Hahn et al., 2010;
Hangody et al., 2008; Meehan et al., 2005; Raikin, 2009; Valder-
rabano et al., 2009). Concern over subchondral cyst formation
following AOT has been stated, although whether this phenom-
enon causes long term failure is unknown. The mismatch in
mechanical properties of femoral and talar cartilage suggest that
advantages of autogenous graft should be carefully examined,
particularly in light of increasing availability and decreased
immune concerns of allograft (Mroz et al., 2008). The current
study demonstrated that variations in mechanical and topo-
graphical characteristics in femoral condyle cartilage according to
harvest site can be chosen to more accurately represent talar areas
affected by OCL.

In addition to inter-region variation, substantial intra-region
variation that cannot be predicted by clinical imaging was
revealed. Currently, magnetic resonance imaging can quantify
cartilage thickness and provide information regarding cartilage
quality that is correlated to material behavior (El-Khoury et al.,
2004; Juras et al., 2009; Tang et al., 2011). While thickness was
significantly correlated with energy dissipation and deep region
shear modulus was significantly correlated with minimum shear
modulus, the spread in mechanical variables near the articular
surface prohibits either thickness or deep region shear modulus
from being highly predictive. Further, the resolution required to
characterize depth-dependent variations in material behavior
within talar cartilage is not yet available (Burge et al., 2012; Juras
et al., 2009; Tang et al., 2011). Differences between regions in
articular surface mechanics coupled with current clinical imaging
resolution and known correlations between composition and
depth-dependent shear behavior (Silverberg et al., 2014) suggests
that ongoing research focus on increasing the resolution of carti-
lage structural information obtained from magnetic resonance
imaging.

This study reiterates the uniqueness of the articular surface and
adjacent cartilage, where differences between joints may have
implications in differences in osteoarthritis prevalence. Shear
moduli of deep regions of cartilage were nearly identical between
anatomical regions, while shear moduli near the articular surface
varied between anatomical regions. This is consistent with pre-
vious research, where regional variations in shear properties in the
neonatal bovine stifle were focused near the articular surface
(Silverberg et al., 2013). The magnitudes of shear moduli, energy
dissipation, and friction coefficient are consistent with previous
studies (Buckley et al., 2013; Gleghorn and Bonassar, 2008; Sil-
verberg et al., 2013). Together, these results demonstrate that the
uniqueness of the articular surface, both in comparison to the bulk
tissue and in comparison between anatomical regions, is pre-
served across joints, species, maturity and joint-level loading
patterns. Within the human ankle and knee, previous research has
found lower equilibrium and dynamic moduli in knee cartilage
than in ankle cartilage for the most superficial 1 mm of tissue
(Treppo et al., 2000). The localization of differences in shear
moduli near the articular surface suggests that previously descri-
bed differences primarily resulted from superficial zone dis-
crepancies. Maximum energy dissipation, which also occurs near
the articular surface, was larger in the femur than in the talus. The
coefficient of friction, measured at the articular surface, was
smaller in the femur than in the talus. While the mechanism for
this difference was not addressed in the present study, previous
research suggests that this difference may be driven by differences
in lubricin and surface roughness between anatomical locations
(DuRaine et al., 2009; Gleghorn et al., 2009; Peng et al., 2015). In
addition to the concentration of mechanical differences near the
articular surface, the superficial zone is also the location of dif-
ferences in cell density between the ankle and knee (Quinn et al.,
2013). As the initiation of osteoarthritic damage occurs at the
articular surface (Hollander et al., 1995), the current study com-
bined with previous data suggest that mechanical and biological
differences near the surface may be important factors that mod-
ulate damage in these joints.

This study has limitations. During autograft AOT, matched
femoral cartilage is used but femoral and talar cartilage was not
matched for all donors in this study. Previous research demon-
strating differences in cartilage thickness in matched pairs
(Shepherd and Seedhom, 1999) suggests that mechanical differ-
ences would remain if matched pairs were analyzed. Due to pro-
cessing errors, histology was not completed on all specimens.
However, histological scores were consistent for processed sam-
ples and all samples were sourced using the same methods, sug-
gesting that degenerative changes would be consistent across
samples. Friction properties were measured in PBS, rather than in
synovial fluid. Previous research shows that synovial fluid
decreases the friction coefficient (Gleghorn and Bonassar, 2008);
and that the interaction between lubricin and hyaluronic acid is
synergistic (Bonnevie et al., 2015). Thus, specifically how synovial
fluid would affect the differences in friction coefficients measured
in the present study is difficult to predict, given the potential
variation in bound lubricin and available binding sites between the
different anatomical locations. This study focused on shear and
friction properties, but cartilage also experiences compressive
deformation in vivo. Depth-dependent variation in compressive
modulus is consistent with depth-dependent variation in shear
modulus (Schinagl et al., 1997), and there is generally more
information already available about cartilage compressive beha-
vior. Further, the compressive modulus can be calculated from the
shear modulus and Poisson's ratio in the linear regime. The testing
methods used in this study do not mimic in vivo conditions, but
instead provide information on the intrinsic material behavior.
Finally, the importance of specific mechanical properties to the
long-term success of grafts is unclear; differences in shear mod-
ulus, energy dissipation, and friction coefficient at the time of
osteochondral transplant surgery will not necessarily predict graft
or recipient cartilage failure.

In conclusion, clear biomechanical differences exist between
femoral cartilage and talar cartilage, especially near the articular
surface. Differences in energy dissipation, shear moduli and fric-
tion coefficients have implications for graft survival and host car-
tilage wear, and may be mechanisms through which AOT grafts
fail. When biomechanical variation is combined with biological
variation, the authors urge caution in transplanting cartilage from
the femur to the talus. Where alternatives exist in the form of talar
allograft, donor-recipient mechanical mismatch can be greatly
reduced. Long term clinical studies will be required to substantiate
the clinical outcomes of these findings.
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