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Abstract
Both instability and residual articular incongruity are implicated in the development of post-traumatic
osteoarthritis following intra-articular fracture, but currently no information exists regarding
cartilage stresses for unstable residual incongruities. In this study, a transversely isotropic poroelastic
cartilage finite element model was implemented and validated within physiologically relevant
loading ranges. This material model was then used to simulate the loading of cartilage during stable
and unstable motion accompanying a step-off incongruity residual from intra-articular fracture, using
load data from previous cadaver tests of ankle instability. Peak solid-phase stresses and fluid pressure
were found to increase markedly in the presence of instability. Solid phase transients of normal stress
increased from 2.00 to 13.8 MPa/s for stable compared to unstable motion, and tangential stress
transients increased from 17.1 to 118.1 MPa/s. Corresponding fluid pressure transients increased
from 15.1 to 117.9 MPa/s for unstable motion. In the most rapidly loaded sections of cartilage, the
fluid was found to carry nearly all of the normal load, with the pressurization of the fluid resulting
in high solid matrix tangential stresses.
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Introduction
Post-traumatic osteoarthritis (OA) is a form of degenerative joint disease secondary to
significant injury such as intra-articular fracture or ligament tears. It has been estimated that
over 5 million people in the U.S. suffer or have suffered from significantly symptomatic post-
traumatic OA, resulting in over $3 billion of direct healthcare expenditure and nearly $12
billion of total costs per year (Brown et al., 2006). Current treatment options for OA
(Buckwalter and Brown, 2004) are far from ideal for the younger, more active patients most
likely to present with post-traumatic OA. The lack of effective, long-term treatment
underscores the importance of forestalling or preventing the onset of post-traumatic OA.
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The exact mechano-pathology of post-traumatic OA is not well understood, although many
studies have demonstrated that cartilage responds unfavorably to abnormal mechanical stimuli.
Various researchers have shown that cartilage undergoes significant microscopic damage and
chondrocyte death after a single impact of the type that could cause intra-articular fracture
(Borrelli et al., 1997; Ewers et al., 2001; Jeffrey et al., 1995; Milentijevic and Torzilli, 2005;
Thompson et al., 1991). Other studies have shown that cartilage subjected repeatedly to
chronically elevated loads, typical of residual post-traumatic articular surface incongruity or
instability, will sustain matrix damage, altered biosynthesis, and chondrocyte death (Chen et
al., 1999; Kurz et al., 2001; Milentijevic and Torzilli, 2005; Quinn et al., 2001). Post-traumatic
residual incongruities, such as articular surface defects and step-offs, have been studied with
respect to their influence on contact surface area and corresponding increases in peak contact
pressures (Brown et al., 1988; Brown et al., 1991). However, clinical experience shows that
the presence versus absence of instability is a stronger predictor of osteoarthritis than
incongruous but otherwise stable joints (Kannus and Jarvinen, 1988; Lovasz et al., 2001;
Lansinger et al., 1986; Rasmussen, 1973). Furthermore, most incongruity studies have used
static methods which are incapable of detecting instability-associated contact abnormalities.
In recent dynamic joint testing, it has been shown that injury-associated incongruity likely
causes unstable motion under certain conditions (McKinley et al., 2006a; McKinley et al.,
2006b). These cadaveric ankle studies demonstrated that joint instability can cause abnormal
contact stresses and high contact stress gradients (McKinley et al., 2004; McKinley et al.,
2006a). This suggests that the sudden loads experienced by articular cartilage in an
incongruous, unstable joint may lead to the development of post-traumatic OA, for reasons
that are still not well understood. However, previous mechanical contact studies of
incongruities have been limited to loading abnormalities that occur on the joint surface. They
provide no direct information on injury-associated changes in interstitial loads that occur
immediately adjacent to or on the chondrocytes. Lack of information about how injury affects
loads within the cartilage interstitium is a major impediment to understanding the
pathomechanical etiology of post-traumatic OA.

One of the difficulties arising in quantifying the effect of such mechanical stimuli on cartilage
is the complex nature of the articular cartilage tissue (Mow et al., 2005). Many mathematical
models of cartilage have been created to provide insight into the behavior of the solid and fluid
components of cartilage during to loading. Most continuum models currently in use have their
conceptual basis in mixture theory, arising either from the biphasic theory of Mow et al. (Mow
et al., 1980) or from poroelasticity formulations, which are equivalent when the fluid phase is
inviscid (Simon, 1992). The initial mixture theory cartilage models have since been expanded
to include additional phases (Myers et al., 1984), anisotropy (Federico et al., 2005; Fortin et
al., 2000; Wilson et al., 2004), intrinsic viscoelasticity (DiSilvestro et al., 2001; Huang et al.,
2003; Li and Herzog, 2004; Wilson et al., 2004; Yang and Smolinski, 2006), and nonlinearities
of permeability and of elastic moduli (Federico et al., 2005; Huang et al., 2003; Li et al.,
2002; Li et al., 1999; Soltz and Ateshian, 2000; Wilson et al., 2004).

To date, few attempts have been made to simulate multiphasic cartilage behavior in anatomic
settings, with physiological loading magnitudes and rates. Federico et al. studied the effect of
fluid flow boundary conditions on cartilage response using biphasic spherical surface cartilage
contact (Federico et al., 2004). Ferguson et al. used an axisymmetric poroelastic cartilage model
to study the ability of the acetabular labrum to seal fluid between cartilage layers in contact
under quasi-physiologic loading (Ferguson et al., 2000). A recent study by Han et al. is perhaps
the only poroelastic cartilage study to date investigating the effects of abnormal loading for
fully anatomic cartilage geometry (Han et al., 2005). There, a static compressive load was
applied to a model of a cat patellofemoral joint, with the patella being held shifted relative to
the femur to investigate the effect of joint misalignment. The dynamic response of cartilage to
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abnormal, highly transient shifts of appositional loading suspected of leading to post-traumatic
OA has yet to be explored.

In the present study, a plane-strain finite element model of distal tibial cartilage was developed
to quantify the effect of transient, unstable motion on cartilage stresses in the vicinity of a step-
off incongruity. The clinical scenario modeled in this investigation was a residual, coronally-
directed step-off incongruity of the distal tibia, typical of a malunited pilon fracture. Previous
work with this model has shown that such a step-off results in an ankle that will shift from
being stable to unstable with minimal changes in extrinsic loading. In order to properly model
the cartilage response to transient, elevated loading, a transversely isotropic poroelastic
material model was first developed and validated. Articular surface loads from dynamic tests
of motion of a cadaver ankle with a step-off incongruity (McKinley et al., 2004; McKinley et
al., 2006a) were applied to an anatomically-based mesh incorporating this material model, to
investigate the effects of joint instability on cartilage stresses and stress gradients. The goals
of the study were to determine the extent to which unstable motion affects the stresses and
stress gradients in cartilage at or near an incongruity, and to investigate the interaction of the
fluid and solid phases of cartilage, particularly under highly transient loading characteristic of
instability. The model geometry and loading were designed to simulate an ankle a short time
after reconstructive surgery, before remodeling begins, but with more vigorous activity than
the immediate rehabilitation phase.

Methods
The earlier experimental work used for loading inputs involved cadaveric joints mounted in a
custom-built apparatus that applied loads and plantar/dorsiflexion rotations representative of
the stance phase of the gait cycle. From those studies, transient contact stress distributions
measured with a Tekscan sensor were available for various situations of stable and unstable
movement. The sensor used in that work returned contact stresses at 1,472 sites, arranged in a
grid of 46 columns and 32 rows, encompassing approximately 970 mm2 (Fig. 1). For the present
study, the time history of a representative single row of sensel measurements was extracted
and normalized to a constant resultant force, before being applied as a distributed surface
pressure to the articular surface of a plane-strain finite element model. (The experimental model
of a step-off incongruity involved a “prismatic” saw-cut osteotomy spanning the entire width
of the articular surface, and thus lent itself well to plane strain idealization.) Four loading cases
were considered (Fig. 2): (a) Stable: cartilage fully intact, motion normal; (b) Anatomically
Reduced: bone fragment separated, but placed back in correct location, representing a perfect
anatomical reduction; (c) Metastable: a 2 mm step-off incongruity is created and the contact
load moves up to the incongruity, but never crosses it, so that the displaced fragment is never
loaded; (d) Unstable: a 2 mm step-off incongruity is created and an unstable motion occurs,
such that the fragment is loaded suddenly as the contact patch shifts abruptly across the
incongruity.

To generate the mesh, a mid-sagittal section profile of the distal articular surface was replicated
from a Sawbones surrogate tibia model. This profile was extruded to define a uniformly thick
1.5 mm cartilage layer. The cartilage layer was meshed with 1310 4-node plane strain elements
(ABAQUS type CPE4P), that support a degree of freedom for fluid pressure. For the step-off
and anatomically reduced models, the anterior 1/3 of the cartilage was detached from the
posterior 2/3, and for the step-off models this fragment was displaced 2 mm proximally (Fig.
3). The cartilage was considered rigidly fixed at its interface with the subchondral plate. The
above-described four load profiles were applied to the articular surface, in the form of time-
varying distributed surface pressures (Fig. 4). It is important to note that the analyses performed
are not contact problems. Rather, contact pressures obtained via cadaveric tests are applied to
the tibial articular surface as external loads. Since the Tekscan sensor used to record the contact
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pressures records the total load passing through the joint, these pressures were applied to the
articular surface as total pressures as opposed to pressures on only the fluid or solid phase.

On the models including a step-off, the fluid was allowed to drain freely from the fractured
surface (that is, the surfaces normal to the articular surface that have been exposed by the
fracture) by setting the pore fluid pressure to zero. On the articular surface, Hou et al. have
shown for poroelastic contact models that regions in contact should satisfy the biphasic jump
condition, that is, the fluid velocity should be continuous across the contact interface (Hou et
al., 1989), while non-contacting regions should be free-draining. Since the current formulation
is not formally a contact model, the biphasic jump condition cannot be precisely implemented,
although a close approximation was implemented by assuming that any fluid flow between
contacting cartilage would be negligible compared to the fluid flow from the free-draining
regions. This seemed particularly appropriate for the current study since the Tekscan sensor
from which the contact pressures were taken would effectively seal the surface to fluid flow.
The fluid boundary conditions were implemented by using the FLOW subroutine in ABAQUS
to set the outward normal fluid velocity to be dependent on the applied articular surface traction
such that:

Vn = ks ∗ P and ks = ≫ k/L where unloaded (free−draining)

ks = 0where loaded (sealed)
(1)

Here, Vn is the outward normal fluid velocity, ks is the surface permeability, k is the
permeability of the underlying elements, L is a characteristic length of the underlying elements,
and P is the pore fluid pressure at the articular surface. By setting ks ≈ 103*k/L in the unloaded
regions, free-draining (pore fluid pressure = 0) conditions were enforced, while ks = 0 in the
loaded region prevented fluid flow in the implied region of contact. The initial void ratio was
set to 4, meaning that 80% of the cartilage volume was fluid (Mow et al., 2005).

A transversely-isotropic, poroelastic cartilage material model was used in this study. A local
material orientation was used (Figure 3), with the ‘1’ direction being parallel to the articular
surface and the ‘2’ direction normal to the surface. The ‘1-3’ plane is therefore the plane of
isotropy. The permeability used was 1.14×10-15 m4/(N-s) (Athanasiou et al., 1991). The fluid
was assumed to be water, with a density of 1 g/cm3. The normal (E2) and tangential (E1=E3)
moduli of elasticity were 0.55 MPa and 33 MPa, respectively (Boschetti et al., 2004;Charlebois
et al., 2004). Two distinct Poisson ratios are required for transverse isotropy: ν13 characterizes
the response within the plane of isotropy to stress within that plane, while ν23 characterizes the
response within the plane of isotropy to stress normal to that plane. For this study, ν13 was
taken as equal to 0.146 (Federico et al., 2005), and ν23 as 0.074 (Athanasiou et al., 1991).
Reported values for the shear modulus in the ‘1-2’ plane vary widely, from 0.1 to 4 MPa
(Appleyard et al., 2001;Oakley et al., 2004). Most available measurements of shear moduli are
taken in the superficial or middle zones; however, very recently researchers have begun to
show that shear stiffness increases in the deeper layers, similar to compressive stiffness
(Buckley et al., 2007;Wong et al., 2007). Since the dominant shearing action in the present
study occurs at the cartilage-subchondral plate interface, a shear modulus of 2.5 MPa was used
for this analysis, in order to fall within the stiffer end of the reported range of shear moduli.
An overview of studies of the shear modulus of articular cartilage can be found in the
supplemental material published electronically with this paper.

Simulations were first run for geometrically simplified specimens, to evaluate the behavior of
the above material model, with geometry, loading, and boundary conditions chosen to match
those documented by Park et al. in their dynamic physical tests of cylinders in compression
(Park et al., 2004) and of strips in tension (Park and Ateshian, 2006). Simulation of unconfined
compression (Fig. 5) showed reasonable nominal agreement for apparent stiffness, for levels
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of hysteresis, and for rate-dependence, implying appropriate values of normal stiffness and
permeability in the numerical model. Similarly reasonable rate-dependence of stiffness and
hysteresis were apparent in the tensile results (Fig. 6). This latter correspondence with
experimentally measured tensile stiffness lent credence to the transverse stiffness of the model.

The simulations were performed using the poroelastic analysis in ABAQUS v. 6.5.1. Solid
matrix stress components and invariants were output, along with fluid pressure, relative fluid
velocity, and void ratio. Temporal gradients were calculated via Python script, using 3-point
Lagrangian differencing.

Results
Unstable motion resulted in higher and more concentrated solid matrix stresses and fluid
pressures than did the intact model (Fig. 7). The rapid loading and unloading of the displaced
fragment in the unstable model involved fragment full engagement and then disengagement
within approximately one-quarter of a second. The stress magnitudes and distributions for the
intact model showed little change throughout the simulation. As expected, the anatomically
reduced model produced results very similar to the intact model. Peak stresses in the metastable
step-off case approached the edge of the incongruity, but the displaced fragment was never
loaded.

The (spatially and temporally) maximum solid matrix stress components increased
monotonically from the intact model to the unstable model (Fig. 8a), reflecting the increase in
contact pressure. The fluid pressure also increased correspondingly, with the unstable model
having peak pressures more than two times higher than the intact model, and with instantaneous
peak temporal gradients of stress and pressure increasing seven-fold (Fig. 8b). The rate of load
application increased monotonically from intact to unstable, but with a dramatic jump between
the metastable and unstable models. The temporal gradients of fluid pressure and of the
tangential component of the solid matrix stress closely mirrored that of the applied load. The
normal stress component temporal gradient showed similar trends, but of lesser magnitude.

To elucidate the interplay of the solid and fluid phases of cartilage under severe loading
transients, time histories of the stress components and the fluid pressure were taken from three
points at varying cartilage depths on the displaced fragment of the unstable model (points A,
B, and C in Figure 3). These histories are plotted such that the relative fluid and solid phase
load carriage could be evaluated throughout the cartilage depth (Fig. 9).

The fluid pressure (Fig. 9a) closely mimicked, and indeed slightly exceeded, the applied contact
pressure. There was little depth-wise variation of fluid pressure, with only a slight drop-off
occurring in the deepest region of cartilage. By contrast, the tangential solid phase stresses
showed a pronounced depth-wise reduction in magnitude (Fig. 9c). The normal component of
solid matrix stress was approximately one order of magnitude less than the fluid pressure, and
also displayed a significant depth-wise drop (Fig. 9b). The tangential component of solid matrix
stress was less than the fluid pressure, although generally within the same order of magnitude.

Discussion
The goal of this study was to quantitatively explore how abrupt appositional shifts in the
presence of an unstable step-off articular incongruity affect cartilage stresses, toward
appreciating whether such effects might be deleterious to cartilage well-being. In particular,
the finite element study presented here allows for the quantification of stresses throughout the
depth of the cartilage thickness, as compared to cadaver tests which only offer a picture of
stresses on the cartilage surface. Since chondrocytes live throughout the depth of the cartilage,
rather than directly on the surface, it is important to include full-thickness cartilage stresses
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when investigating the relationship between mechanical stress environments and cartilage
degeneration. The results from the simulations showed that unstable motion led to appreciable
changes in cartilage stress throughout the thickness (Fig. 7), involving more concentration, and
more migration anterior-posteriorly over the cartilage. In contrast, the intact model had lower
stresses, that were distributed over a larger portion of the cartilage, and that did not change
position substantially. The motion of the unstable model, especially across the incongruity,
resulted in high peak stresses near the step-off, and in dramatic peak stress transients.

Stress transients have been shown to be an important consideration for cartilage health and
osteoarthritis. Milentijevic and Torzilli found cell death in cartilage loaded at 25 MPa/s
(Milentijevic and Torzilli, 2005), a loading rate exceeded by all cases in the present study
except the fully intact model. This suggests that even very small amounts of instability may
compromise chondrocyte viability, especially with chronic repetition. In another study, Chen
et al. subjected canine cartilage explants to loads between 2.5 and 20 MPa. In this experiment,
cartilage matrix damage occurred once the loading rate exceeded 30 MPa/s, regardless of the
loading magnitude (Chen et al., 1999). Furthermore, Quinn et al. found that at sub-impact (but
still abnormal) loading rates, cell death was localized primarily within the superficial region,
a finding also reflected in the work of Milentijevic and Torzilli (Milentijevic and Torzilli,
2005; Quinn et al., 2001). This correlates well with results from the present study, regarding
maximum solid matrix stress transients and maximum fluid pressure transients occuring near
the articular surface.

The finding regarding the majority of load being carried by the fluid phase (Fig. 9) corroborates
similar findings by others (Krishnan et al., 2003;Park et al., 2003). This result is not surprising,
considering the low compressive stiffness of the solid matrix. The high stresses in the tangential
direction are a result of the fluid pressure. During compression, the fluid phase attempts to flow
laterally out from under the load, but the extremely low permeability prevents the fluid from
doing so without deforming the solid phase in the direction of flow. Due to the high tangential
stiffness of the solid matrix, the flow of the fluid phase is severely restricted. The fluid under
the applied load pressurizes, thus carrying the normal load and increasing the tangential stress.
Borrelli et al. hypothesized that cartilage fracture under sudden loads is a result of collagen
fibril rupture (Borrelli et al., 1997), a contention supported by the high tangential stresses
exhibited in this study.

As expected, the fluid phase was found to pressurize very quickly in the unstable load case, in
response to the sudden engagement of the displaced fragment. The results shown in Figure 7a
show that this fluid pressurization was nearly uniform throughout the cartilage depth,
effectively resulting in a hydrostatically pressurized contact region in the most rapidly loaded
section. In contrast, the solid matrix stress components decreased in magnitude throughout the
cartilage depth. This indicates that the fluid phase not only carried the predominant portion of
the load, but that it redistributed some of that load over a larger area, resulting in depth-wise
decrease of solid matrix stresses. In other regions of the unstable model, including near the
step-off on the non-displaced portion of the cartilage, the fluid pressurization is much less
uniform, displaying considerable spatial variation. The abnormalities of fluid pressure seen in
this study would of course also affect the loading and deformation of individual chondrocytes
(Wu and Herzog, 2006).

The present study has limitations inherent in the simplifications invoked for the cartilage
constitutive model. Human cartilage is not homogeneous throughout its depth, as modeled
here. On intuitive grounds it might be argued that the tangential stiffness of cartilage would be
lowest in the deeper layers, where the orientation of collagen fibrils is primarily normal to the
subchondral plate. However, Verteramo and Seedhom have shown that at higher strain rates
the tensile stiffness of cartilage in the deep layers is not significantly different from that in the
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superficial zone (Verteramo and Seedhom, 2004). Furthermore, in the present formulation the
cartilage properties for the solid matrix were assumed to be linear elastic. These cartilage
properties were chosen - and validated - for physiological loading magnitudes and rates, similar
to those expected for this study, to clarify that the effects of this simplification were minimal.
Finally, cartilage was modeled using a plane strain formulation, a simplification that appears
very reasonable for a step-off, given the geometry under study and the contact stress
distributions from the Tekscan measurements. Obviously, many of these simplifications can
be redressed in further refinements of this exploratory model.

In summary, this study has demonstrated that unstable motion of an ankle joint with a step-off
incongruity caused significant changes in the loading of articular cartilage. Abnormal loading
associated with instability resulted in increased stress magnitudes and loading rates. The fluid
phase reacted quickly to uptake load, serving to protect the solid matrix from an excessive level
of normal stress, but at the expense of elevated solid stresses in the tangential direction. There
is of course a potential for chondrocyte damage from such fluid pressurization itself. The
changes in the mechanical stress environment documented in this study may be related to the
poor clinical outcome of unstable joints described in the Introduction. Continued investigation
into the mechano-pathology of post-traumatic OA should help clarify the relative importance
of solid matrix stresses, fluid pressure, and their transients in causing OA, to hopefully provide
surgeons with more objective information regarding the necessary precision to reduce the
propensity for arthritis following intra-articular fracture.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Schematic of Tekscan sensor and sample instantaneous Tekscan output for contact stress
in an intact ankle. The outlined box indicates the sensel row used for load data for the present
finite element study. (b) Close-up schematic of grid array of conductors. (c) Representation of
the modeled distal tibia articular surface step-off incongruity.
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Figure 2.
Time histories of Tekscan contact stresses from (a) Intact, (b) Anatomically Reduced, (c)
Metastable, and (d) Unstable load cases. The dashed line at 21 mm denotes the fracture location,
where applicable.
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Figure 3.
Cartilage geometry for (a) intact, (b) anatomically reduced, and (c) step-off models. Local
material directions are as indicated in Figure 3a.
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Figure 4.
Load profile application. Tekscan contact pressures are registered up to the articular surface
of the FE model. The contact pressures are then applied as normal distributed pressures as
shown by the shaded profile. The contact pressure profile shown here is for one instant in time;
it varies both in magnitude and distribution throughout the analysis.
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Figure 5.
(a) Results from present finite element tests of material behavior of cylindrical plugs loaded
in unconfined compression, compared to corresponding published results (b) from Park et al.
(Park et al., 2004, by permission1). The stress-strain curves from Park et al. are for one typical
specimen, which was utilized to demonstrate the rate-dependence and hysteresis of the
cartilage. However, this particular specimen is approximately 1.8 times softer than their
reported average material behavior, suggesting an even closer correspondence of the present
FE results.
1Reprinted from Osteoarthritis and Cartilage, Volume 12, Park S, Hung CT, Ateshian GA,
“Mechanical response of bovine articular cartilage under dynamic unconfined compression
loading at physiological stress levels.” pp. 65-73, Copyright 2004, with permission from
Osteoarthritis Research Society International.
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Figure 6.
Results from tests of material behavior in tension. Results for the present material model
(dashed lines) are overlaid on published results from Park et al. (solid lines) (Park and Ateshian,
2006, by permission2).
2Reprinted from Journal of Biomechanical Engineering, Volume 128, Park S, Ateshian GA,
“Dynamic response of immature bovine articular cartilage in tension and compression, and
nonlinear viscoelastic modeling of the tensile response.” pp. 623-630, Copyright 2006, with
permission from the American Society of Mechanical Engineers.
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Figure 7.
Comparison of four load case results for (a) fluid pressure, (b) tangential stress in solid matrix,
and (c) normal stress in solid matrix.
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Figure 8.
Peak (a) stresses and (b) temporal stress gradients for the four study cases.
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Figure 9.
Time histories of the (a) fluid pressure, (b) solid matrix normal stress, and (c) solid matrix
tangential stress at varying cartilage depths on the displaced fragment of the unstable model.
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