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Abstract Articular cartilage is a multicomponent, poro-
viscoelastic tissue with nonlinear mechanical properties vital
to its function. A consequent goal of repair or replacement
of injured cartilage is to achieve mechanical properties in the
repair tissue similar to healthy native cartilage. Since fresh
healthy human articular cartilage (HC) is not readily avail-
able, we tested whether swine cartilage (SC) could serve as
a suitable substitute for mechanical comparisons. To a first
approximation, cartilage tissue and surgical substitutes can
be evaluated mechanically as viscoelastic materials. Stift-
ness measurements (dynamic modulus, loss angle) are vital
to function and are also a non-destructive means of evalu-
ation. Since viscoelastic material stiffness is strongly strain
rate dependent, stiffness was tested under different loading
conditions related to function. Stiffness of healthy HC and
SC specimens was determined and compared using two non-
destructive, mm-scale indentation test modes: fast impact
and slow sinusoidal deformation. Deformation resistance
(dynamic modulus) and energy handling (loss angle) were
determined. For equivalent anatomic locations, there was no
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difference in dynamic modulus. However, the HC loss angle
was ~35% lower in fast impact and ~12% higher in slow
sinusoidal mode. Differences seem attributable to age (young
SC, older HC) but also to species anatomy and biology. Test
mode-related differences in human-swine loss angle support
use of multiple function-related test modes. Keeping loss
angle differences in mind, swine specimens could serve as
a standard of comparison for mechanical evaluation of e.g.
engineered cartilage or synthetic repair materials.
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1 Introduction

Articular cartilage is comprised mostly of extracellular
material that is produced by a small number of chondrocytes.
These cells have no direct blood supply and receive nutrition
from synovial fluid and the subchondral bone plate (O’Hara
et al. 1990). Cartilage must withstand millions of dynamic
loads each year that are often multiples of body weight.
It distributes intra-articular loads in a manner which serves
to reduce localized stress concentrations in the underlying
bone, and this may reduce the possibility of activity-related
bone trauma. In the majority of individuals, articular cartilage
is able to do this for decades after skeletal maturity without
undergoing appreciable damage or wear itself.

One consequence of the above is that no synthetic implant-
able materials or structures are yet available which come
close matching the mechanical properties and durability
of articular cartilage. As a result, surgical repair of artic-
ular cartilage is reliant on either (a) joint replacement
with metal, ceramic and polymer components, (b) auto-
graft, allograft or xenograft transplantation, (c) medical and
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surgical treatments designed to rejuvenate cartilage or (d)
surgical resurfacing of portions of the articular cartilage with
engineered tissue (Fortin et al. 2002; Brown and Cruess 1982;
Peterson et al. 2002; Hunziker 2002; Korhonen et al. 2002a).
Assuming that repair products for damaged cartilage should
mimic the biomechanical properties of healthy human car-
tilage, the best relative measure of their success is to deter-
mine to what extent the resultant structures have mechanical
properties which resemble those of healthy human articu-
lar cartilage. But this poses another problem—such human
tissue is not readily available for ex-vivo use as a reference
material—i.e. to be subjected to the same mechanical tests
as candidate synthetic structures, grafts, rejuvenated cartilage
or engineered cartilage. In contrast, healthy animal articular
cartilage is readily available for such purposes. In order to
draw conclusions from animal models, one then has to ascer-
tain the extent to which such animal cartilage has the same
mechanical properties as human cartilage.

The response to non-damaging dynamic compressive
loads has two aspects. The first is stiffness, or the amount of
deformation in response to load. If cartilage stiffness is too
low, it can become so thin under load that the load is effec-
tively transmitted directly to the underlying bone. If cartilage
stiffness is too high, a load is likely to become focused in a
small region and can cause pain or tissue damage. The second
response is energy handling, or the extent to which energy
imparted by deformation is either stored or dissipated. If car-
tilage stores energy, it rapidly springs back to shape when a
load is removed. If it instead dissipates some of the defor-
mation energy (as heat), it returns to shape more slowly, and
the peak loads in the cartilage itself and in underlying bone
are reduced. This is a means of damage protection.

Cartilage is a complex “material” because it behaves in
some ways like a sponge (porous), like a spring (elastic) and
like a liquid (viscous). Thus, cartilage can be described as a
“poroviscoelastic solid.” The stiffness and energy handling
of such complex materials depend on the rate at which they
are deformed. As a result, there are special definitions for
stiffness—E* = dynamic modulus, and energy handling—
6 = loss angle, methods for measuring them and reasons for
doing so under different conditions which mimic cartilage
dynamic mechanical function. The correlation between the
storage modulus (E”), the loss modulus (E”'), the dynamic
modulus (E*) and the loss angle (§) for a viscoelastic material
is shown in Fig. 1. This shows that at least two of those param-
eters are needed in order to describe a viscoelastic material
properly. In previous studies, the focus was mainly on deter-
mining the stiffness (Schinagl et al. 1997; Kleemann et al.
2005; Lyyra et al. 1999; Stolz et al. 2004; Franke et al. 2007,
Niederauer et al. 2004), and only a few studies also deter-
mined which part of the energy was dissipated (Park et al.
2004; Oakley et al. 2004; Appleyard 2003). Determining
the mechanical properties of cartilage is typically done in
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Fig. 1 Schematic representation of the correlation between the
dynamic modulus E*, the storage modulus E’, the loss modulus E”
and the loss angle § in a viscoelastic material

confined compression (Jurvelin et al. 1997; Korhonen et al.
2002b; Schinagl et al. 1997), unconfined compression (Park
et al. 2004; Jurvelin et al. 1997; Korhonen et al. 2002b;
Ficklin et al. 2007; Kleemann et al. 2005) or indentation
(Lyyra et al. 1999; Oakley et al. 2004; Nugent et al. 2004;
Mow et al. 1989; Korhonen et al. 2002b; Jurvelin et al. 1990;
Appleyard 2003). Most of these studies determine the stiff-
ness of the cartilage in slow compression, e.g. stress relaxa-
tion (Schinagl et al. 1997; Nieminen et al. 2004; Korhonen
et al. 2002b; Jurvelin et al. 1997; Ficklin et al. 2007) or creep
(Athanasiou et al. 1994; Mow et al. 1989; Jurvelin et al.
1990; Kleemann et al. 2005). However, besides undergoing
slow quasi-cyclic deformations (e.g. while someone stands
in place), cartilage also functions in sudden transient defor-
mations which occur during gait. This is important, because
as mentioned above dynamic stiffness parameters of poro-
viscoelastic materials like cartilage are extremely dependent
on deformation rate.

The aims of this study were to (a) measure and compare
E* and § of cartilage using the authors’ own protocols for
testing in slow quasi-cyclic deformation and fast impact
indentation and (b) to determine and compare results for
healthy swine specimens and healthy human cartilage. The
overall goal was to establish whether swine specimens can
serve as a reference material for evaluating the extent to
which articular cartilage replacement and repair strategies
achieve cartilage-like mechanical behaviour.

2 Materials and methods

2.1 Materials

2.1.1 Swine cartilage

Swine cartilage (SC) was obtained from the knee of
10-month-old swine. Cylindrical osteochondral plugs of 7.6
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Fig. 2 Example of a swine
(left) and a human (right) piece
of cartilage. White baris 1 cm

mm in diameter (Fig. 2; left) were harvested using a stan-
dard diamond core-drill designed for mosaicplasty (Synthes,
Oberdorf, Switzerland). Plugs were harvested from the lat-
eral patella (LP), the medial and lateral patellar groove (MPG
& LPG) and from the medial and lateral condyles (MC &
LC). The estimated thickness of the swine cartilage was in
the range of 1.0-3.2 mm. The thickness of the LC was 1.1-2.3
mm. The samples were frozen at —24°C and hydrated with
phosphate-buffered saline (PBS) to prevent drying. Prior to
testing, the samples were thawed until room temperature and
kept wet with PBS during testing.

2.1.2 Human cartilage

Human articular knee cartilage (HC) tissues of 1-2 cm in
diameter were collected from full-thickness biopsies of the
lateral femoral condyle of 8 fresh human cadavers (2 men
and 6 women, median age: 57 years, range: 42-69) at the
Department of pathology of the local University Hospital
following informed consent by relatives and in accordance
with the requirements of the Local Ethical Committee. Tissue
was only harvested from knees without macroscopic signs
of degenerative arthritis (Fig. 2; right). The estimated carti-
lage thickness was 1.2-2.7 mm. The samples were frozen at
—24°C and hydrated with PBS for later use. Prior to testing,
the samples were thawed in PBS at room temperature and
kept wet during testing.

2.2 Methods

Two micro-indentation methods were used as previously
described (Ardura Garcia et al. 2008; Wirz et al. 2008; Arnold
et al. 2011) to determine the dynamic stiffness parameters
(dynamic modulus E* and loss angle §) of cartilage, menis-
cus and possible implant materials. The dynamic modulus is
a measure of the deformation resistance of a material. The
loss angle is a measure of the energy dissipation. If a cyclic

load is applied to a viscoelastic material, the strain will lag
the stress (Lakes 1999).

The dynamic stiffness parameters of poroviscoelastic
materials, i.e. cartilage, are extremely strain rate dependent.
Besides that, cartilage functions in two different loading
regimes—the sudden transient deformations which occur
during gait, and the slow quasi-cyclic deformations which
cause fluid to move in and out of cartilage and thus pro-
vide a means for nutrition. Thus, both a Fast Impact Mode
and a Slow Sinusoidal Mode test method were developed.
The dynamic modulus was calculated as described by Wirz
et al. (2008) and Kren et al. (2005). The loss angle was cal-
culated directly from the lag of the displacement and load
curves.

2.2.1 Fast impact (FI) mode

To simulate the impact velocity in gait, a fast impact micro-
indentation instrument was used. This is a modified version
of an instrument developed at the Minsk Institute of Physics
(Kren et al. 2005). A pendulum-mounted spherical indenter
(diameter: 1.0 mm; 1.9 g) falls down on the specimen under
gravitational force. The motion of the indenter is captured
electromagnetically during indentation and rebound. On each
specimen, 10 replicate measurements were performed on the
same spot at ~20 s time intervals. Resultant E* and § were
calculated for each impact and then each set was averaged to
get one set of specimen values.

2.2.2 Slow sinusoidal (SS) mode

To simulate nutrition in cartilage specimens, a Synergie 100
MTS® mechanical testing instrument was used to perform
slow sinusoidal micro-indentations. A spherical indenter
(diameter ~3.2 mm) was moved sinusoidally under com-
puter software control. The frequency was 0.1 Hz, and the
indentation depth was ~0.05 mm. The maximum speed was
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Fig. 3 Typical example of the Fl

force and displacement curves
of a swine (/ine) and human
(dotted line) sample in fast
impact (/eft) and slow sinusoidal
(right) mode
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~0.015 m/s. The same specimens were measured as in FI
mode. On each specimen, 5 replicate measurements were
performed at intervals of ~2 min on the same spot. Resultant
E* and § were averaged to get one set of specimen values.

2.3 Statistical analysis

A one-sided Wilcoxon Rank Sum test was performed on
both the E* and § data sets (p < 0.05). To quantify the
spread in the data, the median absolute deviation was calcu-
lated and divided by the median to normalize and thus allow
comparisons of the spreads within the data. Statistical anal-
ysis was accomplished using R (R Foundation for Statistical
Computing, Austria).

3 Results

In FI mode, for both HC and SC specimens, both force and
displacement versus time were smooth parabolic curves but
with peak force and peak displacement not occurring at the
same time (Fig. 3). This phase difference was attributable
to the essentially viscoelastic behaviour of cartilage at high
strain rates.
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In SS mode, the applied displacement was sinusoidal as
specified by the software driving displacement. There was
again a difference in the time at which force and displace-
ment reached a maximum, again attributable to viscoelastic-
ity. In addition, however, for both HC and SC specimens, the
resultant force-time curves were not sinusoidal.

The E* and § calculated from the raw SC data are shown
in Fig. 4. At any anatomic location, E* was significantly
higher and § was significantly lower in FI mode compared
to SS mode. In cartilage and also most synthetic viscoelastic
materials, faster deformation rates result in higher E* and
lower §. Also, some significant differences in these param-
eters were found among the various locations on the swine
knee for both testing modes.

The E* in FI mode on the LC and the MC was lower com-
pared to the LP, the LPG and the MPG. In SS mode, fewer
differences were found. The E* on the LC was lower than on
the LPG and the MPG and also lower on the MC compared
to the MPG.

The 6 of the LC was lower compared to the LP, LPG and
MPG and lower on the MC than on the LP in FI mode. In
SS mode, there were no differences in 6 among the various
locations.

For both test modes, there was no statistically significant
difference in E* between human and swine LC (Fig. 5).
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Fig. 5 Box-and-Whisker plot of the dynamic modulus (u#p) and the loss
angle (bottom) of the human and swine lateral condyle (LC) specimens
at fast impact (FI) and slow sinusoidal (SS) mode. Horizontal lines
indicate a significant difference with p < 0.05

8 compared to the E*. For the HC specimens, the normalized
spread was 21% in FI mode and 8% in SS mode. In the SC
specimens, the normalized spread was between 5% and 19%.
The overall normalized variation within the SC samples was
16% in FI mode and 7% in SS mode. The normalized spread
in § was lower in SS mode compared to FI mode.

4 Discussion
4.1 Effect of specimen dimensions

To ensure that tissue specimen thickness would not influ-
ence results, indentation in both modes was limited to less
than ~10% of tissue thickness (Bueckle 1973). Further,
Niederauer et al. (2004) showed that cartilage stiffness is
not correlated with cartilage thickness. We also used a small
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Table 1 Median absolute deviation divided by the median from the human and swine specimens on the various locations

Parameter Mode Human Swine
LC (%) LC (%) MC (%) LP (%) LPG (%) MPG (%) All (%)
E* FI 26 14 52 16 10 36
SS 26 24 43 33 14 34
8 FI 21 11 18 8 19 16
SS 8 6 6 5 6 7

LC lateral condyle, MC medial condyle, LP lateral patella, LPG lateral patellar groove, MPG medial patellar groove

indenter diameter compared to the diameter of the osteochon-
dral plugs, in order to minimize specimen dimension effects
in directions parallel to the specimen articular surface.
4.2 Effects of test mode on force-time

and displacement-time data

As expected, since cartilage is partly a viscoelastic material,
the maxima in force-time and displacement-time data (Fig. 3)
occurred at different times in both FI and SS modes (Lakes
1999). This phase shift is due to energy losses resulting from
internal friction. In FI mode, the high strain rate coupled with
the low permeability of water through cartilage resulted in
essentially viscoelastic rather than more complex porovisco-
elastic behaviour, and thus, smooth changes in both force
and displacement with time were observed. In contrast in
SS mode, the strain rate is low, and at 0.1 Hz there is time
for water to move through the structure in response to load in
spite of the low permeability. The response of cartilage is then
poroviscoelastic. In SS mode—and thus under porovisco-
elastic response conditions and at smaller displacements than
in FI mode—discontinuities were observed in both the dis-
placement-time and force-time curves. The discontinuities in
the displacement-time curves were due to measurement arte-
facts. These were uniform throughout the measurements. The
measurement system was unable to resolve the small changes
in displacement with time occurring near the peak of the
applied sinusoidal wave form. In contrast, the non-sinusoidal
variations in the force-time curves were seen only with
cartilage specimens and not seen with essentially elastic syn-
thetic materials (data not shown), indicating that this was not
an artefact. For cartilage, near the peak of displacement, the
change in the indentation depth with time was extremely
small. Therefore, the non-sinusoidal decline in force dur-
ing this time can likely be attributed to energy loss of the
cartilage.

4.3 Effects of cartilage test mode and anatomic location
on E* and §

As expected, E* was higher and § was lower at all swine ana-
tomic locations in FI mode compared to SS mode (Fig. 4).
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This is the normal response of materials exhibiting some
viscoelastic behaviour when tested at a high strain rate (FI)
versus a low strain rate (SS) (Park et al. 2004).

There were also marked differences in E* as a function of
anatomic location in both FI and SS modes. However, there
were more significant differences in E* as a function of ana-
tomic location for FI mode than for SS mode, and only FI
mode detected any significant differences in § as a function
of anatomic location. Thus, FI mode seems more sensitive
detecting variations in cartilage stiffness parameters between
different locations. This is somewhat unexpected since as
described above, the high strain rate and short duration of
the FI mode limit the motion of water through cartilage. As a
result, one might expect that the FI method would be less
sensitive to changes in the proteoglycan portion of the carti-
lage structure and thus less sensitive overall. This was not the
case, and possible reasons for this are discussed later below.

In any case, the differences in test mode sensitivity to ana-
tomic location point up the importance of evaluating cartilage
stiffness parameters at substantially different strain rates that
are related to the spectrum of strain rates that occur in vivo.
Also, as discussed later, there are other phenomena which
are only revealed by using more than one strain rate.

It is already known that the stiffness of cartilage varies at
different locations in human (Lyyra et al. 1999) and sheep
(Appleyard 2003) knees. Lyyra et al. (1999) found the high-
est stiffness in the load-bearing areas of the condyles, where
we found the highest E* in the lateral patellar groove and
the lowest E* on the lateral and the medial condyles. This
difference might be due to a different loading pattern in the
swine knee compared to the human knee.

To quantify the normalized spread within the different
specimens, the median absolute deviation was divided by the
median. The results showed a large spread between the vari-
ous samples (Table 1). The normalized spread in E* between
the HC samples was 26%. Lyyra et al. (1999) determined the
coefficient of variation which was 29% between individuals.
The E* of the HC specimens did not correlate with age in
this study. The spread might be due to the cartilage being
exposed to another load pattern, e.g. sports, body weight.
Another reason could be differences in cartilage thickness,
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although thickness and stiffness were not shown to be corre-
lated in the study of Niederauer et al. (2004).

The normalized spread between subjects and between the
different locations was smaller in § than in E* (Table 1). The
spread was the smallest in the § in the SS mode. In the early
stage of osteoarthritis, more proteoglycans are produced by
the chondrocytes (Cs-Szabé et al. 1997), which changes the
capability of the cartilage to hold the water. In addition to the
increase in proteoglycans during osteoarthritis, cartilage col-
lagen declines (Lippiello et al. 1977; Pullig et al. 1999) and
damage occurs in the existing collagen in the superficial and
upper mid zone (Hollander et al. 1995). Due to the smaller
variation in 6 and the changes occurring in osteoarthritic car-
tilage, osteoarthritis might be easier to detect by looking at
the § instead of the E™*. Stolz et al. (2009) showed that detec-
tion of osteoarthritis is possible in an early state using AFM
measurements; however, they only determined E*. The dif-
ference between healthy and osteoarthritic cartilage might be
even clearer if the loss angle is also determined.

4.4 Differences in E* and § between human and swine LC
specimens

The E* of the HC and SC was not significantly different in
either FI or SS mode. This was encouraging as a purpose of
this study was to evaluate whether healthy SC can serve as
a stand-in for healthy HC in stiffness parameter tests. How-
ever, the trends were that SC was stiffer than HC in FI mode
but less stiff in SS mode. In contrast to the E* results, the § of
SC was significantly (~35%) lower in FI mode and (~12%)
higherin SS mode compared to HC. Overall, the swine versus
human differences were not enormous, and that is encourag-
ing. However, the results do raise two questions. First, why
were the results somewhat different for HC and SC, and sec-
ond why were the swine versus human relationships opposite
for FI mode compared to SS mode?

The relatively small swine versus human differences in
a given test (FI or SS) seem likely to be due to a differ-
ence in composition of the cartilage. Composition differences
could be expected for two reasons. First, the swine specimens
were from young mature, healthy animals (age ~10 months)
while the human specimens—although visually judged to
be healthy—were from humans far past skeletal maturity
(age 42-69 years). A limitation of this study is that, since
older human and younger swine cartilage were measured,
it was not possible to distinguish whether differences found
between HC and SC were due to age or species structural
variations or some combination of the two. In addition, the
swine data for various anatomic locations show considerable
variation, no doubt reflecting load-related needs. In this light,
it may be that differences in the stance and gait of swine ver-
sus humans result in different load-related needs on the LC

and thus differences in structure and mechanical properties
between swine and human LC cartilage.

The second question remains: why were the swine versus
human relationships for LC cartilage in both E* (trend) and
3 (significant) opposite for FI mode compared to SS mode?
These opposite results suggest the following.

In FI mode, there is little or no movement of water and
thus the E* values may mostly reflect mechanics of cross-
linked collagen. Cross-linking of collagen or other polymers
(e.g. latex) generally causes them to behave more like rub-
ber—Iless viscously and more elastically (higher E* lower
8). Thus in FI mode, the lower E* and higher § for HC com-
pared to SC might have been attributable to a relatively lower
amount of cross-linking of collagen in the (older) HC than in
the (younger) SC. However, it is reported that collagen cross-
linking is likely to increase with age (Loeser 2004). Also, it
has been shown that the collagen fibre arrangement is similar
in HC and SC (Kéib et al. 1998). Consequently, the differ-
ence found is perhaps attributable to a species difference in
the amount of collagen cross-linking.

Conversely, in SS mode, HC exhibited a higher E* (trend)
and lower 6 (significant) compared to SC. As described
above, a great part of the cartilage mechanical response dur-
ing slow deformation (0.1 Hz in this case) is due to the nature
of the motion of water in the proteoglycan portion of the
cartilage structure. A relatively lower amount of water in
the proteoglycans could be expected to result in less viscous
behaviour—i.e. higher E* and lower §—as seen here for HC
(older) specimens versus SC (younger) cartilage specimens.
Indeed, a decline in proteoglycan water content of cartilage
with age has been reported (Wells et al. 2003).

The above-described contrasting, structurally explainable
results for £* and § for the FI versus the SS test modes sup-
port the idea that cartilage mechanics should be evaluated
over a range of representative load deformation conditions.
Otherwise, the picture is incomplete, and misleading con-
clusions could be drawn. Results here are for two extremes.
They suggest that even more information related to age and
disease induced variations in cartilage structure might be
revealed by a more thorough exploration of the effects of rate
and amplitude of deformation. The results also point up that
besides the modulus, the loss angle is an important dynamic
stiffness parameter of cartilage and should therefore be a part
of every test set that is meant to define the mechanical quality
of cartilage or suitability of a cartilage repair material.

5 Conclusions
Swine cartilage dynamic modulus and loss angle varied sig-
nificantly with anatomic location within the swine knee.

More significant differences were seen in FI (fast impact)
mode than in SS (slow sinusoidal) mode. In fact, in SS mode,
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no significant differences were seen in loss angle as a func-
tion of anatomic location. As discussed in detail above, it
seems likely that in SS mode, water motion is the primary
determinant of energy dissipation and does not change appre-
ciably with anatomic location. This masks dissipation effects
related to anatomic location differences in the collagen net-
work. In FI mode, these differences become evident in the
absence of water motion.

Differences in human-swine loss angle trends for FI (fast
impact) versus SS (slow sinusoidal) test modes support the
need for using multiple function-related test modes to more
completely understand cartilage mechanical behaviour.

Finally, keeping loss angle differences in mind, swine
specimens could serve as a standard of comparison for
mechanical evaluation of e.g. surgically repaired cartilage,
engineered cartilage or synthetic repair materials.
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