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Abstract

Fibrochondrocytes within meniscal tissue have been shown to alter their biochemical activity in response to changes in their mechan-
ical environment. Meniscal tissue is known to contain both spherical (chondrocytic-like) and elliptical (fibroblastic-like) cells. We
hypothesize that a cell’s mechanical environment is governed by local material properties of the tissue around the cell, the cell morphol-
ogy and the cell’s position within the tissue. A two-dimensional, non-linear, fiber (collagen) reinforced, multi-scale, finite element model
was utilized to quantify changes in the stress, strain, fluid velocity and fluid flow induced shear stress (FFISS) within and around fibro-
chondrocytes. Cells differing in morphology and size were modeled at different locations within an explant 6 mm in diameter and 5 mm
thick, under 5% unconfined compression. Cellular stresses were an order of magnitude less than surrounding extracellular matrix stresses
but cellular strains were higher. Cell size affected both the stress and strain levels within the cell, with smaller cells being exposed to smal-
ler principal stresses and strains than larger cells of the same shape. The pericellular matrix of an elliptical cell was less effective at shield-
ing the cell from large principal strains and stresses. FFISS were largest around small circular cells (~0.13 Pa), and were dramatically
affected by the position of the cell relative to the axis of the explant, with cells closer to the periphery experiencing greater FFISS than
cells near the central axis of the explant. These results will allow biosynthetic activity of fibrochondrocytes to be correlated with position
and morphology in the future.
© 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Menisci within the knee are crucial to its proper func-
tion. The triangular cross section of meniscal tissue cradles
the articulating surface of the femur allowing the meniscus
to carry 50-70% of the static compressive load transmitted
through the knee [1,2], with the remaining portion being
carried by the underlying articular cartilage. The menisci
also assist in shock absorption [3]. The geometry of the
meniscus is crucial to its role in transmitting loads through
the knee [4] and meniscectomies have been shown to
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increase contact pressures on the underlying cartilage
which leads to osteoarthritis [5-7].

The meniscus is a biphasic tissue composed of both a
fluid and solid matrix, with the solid matrix made primarily
of proteoglycans and collagen. The compressive strength of
meniscal tissue is derived from the interaction of interstitial
fluid and proteoglycans whereas the tensile strength is pre-
dominantly provided by type I collagen arranged circum-
ferentially [8,9]. The porous nature of the matrix allows
for fluid motion under applied physiological loading [8].
It is thought that fibrochondrocytes within meniscal tissue
regulate their surroundings according to their mechanical
environment, thereby making the meniscus a mechanically
sensitive tissue [10,11]. Although static compression
degrades meniscal tissue, dynamic loading has been shown
to upregulate gene expression for matrix proteins [12].
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Articular cartilage and meniscus behave in a similar man-
ner, as both are fiber reinforced, biphasic materials. Finite
element modeling of the human knee joint under compres-
sive loading of two times body weight indicates that phys-
iological loading of a healthy intact medial meniscus results
in approximately 2-10% compressive strains [7]. The
response of cartilage explants begins to diverge from a stat-
ically loaded case when compression frequencies rise above
0.001 Hz [13,14]. At frequencies above 0.1 Hz an inhomo-
geneous distribution of biosynthetic activity, measured as
proline and sulfate incorporation to indicate aggrecan syn-
thesis and amino acid incorporation, occurs within cylin-
drical explants. Radial regions of an explant upregulate
biosynthetic activity whereas the central regions behave
as if statically compressed [13—15]. The biosynthetic profile
follows the radial changes in fluid velocity and streaming
potentials [15].

Fibrochondrocytes have been shown to change from an
elliptical or fibroblastic morphology within superficial
regions to a more spherical or chondrocytic morphology
in deeper regions [16]. Although the cell has a modulus
of elasticity that is lower than that of the extracellular
matrix (ECM), the modulus of the pericellular matrix
(PCM) lies between that of the cell and the ECM, reducing
the disparity between the strains and stresses within the
ECM and cell [17]. Following 5% unconfined compressive
strain of a cylindrical explant of cartilage, cells populating
areas closer to a free edge, and hence experiencing greater
fluid motion, underwent larger deformations compared to
cells within central regions [18].

Finite element (FE) modeling has been used to study the
mechanical environment within musculoskeletal tissues. A
previous FE model has shown how differences between
matrix properties and cell properties affect the mechanical
environment around the cell [17]. Additionally, position
within the tissue [18] and cell morphology [19] have previ-
ously been studied for their effects on the mechanical envi-
ronment of chondrocytes. However, how these factors, as
they pertain to meniscal tissue, combine to alter or affect
the mechanical environment of meniscal cells has yet to
be determined. Previous studies of articular cartilage and
meniscus suggest that fluid flow induced shear stress
(FFISS) is a potent mechanical stimulus eliciting a signifi-
cant upregulation of intracellular calcium following the
onset of fluid flow [20-23]. The magnitude of in vivo FFISS
in meniscus is presently unknown. Additionally, previous
FE models have not included a cell membrane with distinct
properties. Although the cell membrane may not be rigid
enough to contribute to the structure of the cell, its rela-
tively low permeability may significantly affect the fluid
flow patterns and pressure in and around the cell.

We hypothesize that cells at different locations within a
meniscal explant are exposed to different magnitudes of
stress, strain, fluid flow velocities and associated fluid flow
induced shear stresses. We also hypothesize that the
elliptical morphology of some fibroblastic-like meniscal
cells alters the magnitude of mechanical stimulation of

the cell when compared to chondrocytic-like meniscal cells.
A non-linear, fiber reinforced, biphasic model of a meniscal
explant containing a cellular unit consisting of the cell, its
membrane, surrounded by a PCM and a portion of
the ECM was utilized in this study to test our
hypotheses.

2. Methods

A multi-scale modeling approach was utilized to deter-
mine the mechanical environment around individual
fibrochondrocytes. A cell and the explant were modeled
separately as the size of the cell was three orders of magni-
tude smaller than that of the explant. In order to comple-
ment current experimental work, full thickness explants
were modeled in two dimensions being 5 mm thick and
6 mm in diameter. This represents the thickest explant that
can be harvested from porcine menisci with parallel flat
faces. Since the model is homogeneous, the thickness of
the explant is relatively insignificant. Only half of the
explant was modeled due to symmetry. A submodeling
function (ABAQUS, ABAQUS, Inc., Providence, RI)
was utilized. This analysis was activated using the *SUB-
MODEL command which can accommodate a submodel
with different element types between the global model
and the submodel. The submodeling routine uses the out-
put of the explant model as boundary conditions for the
cell model allowing the cell to be modeled as if it were
within the explant without requiring an excessive range of
element sizes within one single model.

2.1. Explant model

Biphasic porous elastic models have been used success-
fully to model both articular cartilage and meniscus, which
have similar microstructure [24-27]. A biphasic model is
well accepted to represent the solid matrix and interstitial
fluid known to be present in meniscal tissue [8]. The current
model is biphasic porous elastic and models interstitial
fluid as inviscid water. The specific weight of the interstitial
fluid was 9.8 kN/m?>. Four-noded, reduced integration
plane strain continuum elements (CPE4RP) with pore pres-
sure activated were used for the ECM. Spring elements
(collagen fibers) active in tension only were oriented hori-
zontally between the nodes of the homogenous, isotropic
continuum elements to simulate tension compression
non-linearity (Table 1) [25-29]. Axial spring elements
between two nodes (SPRINGA) were used to model colla-
gen. To properly represent the orientation of collagen
fibers within the explant, it was necessary to utilize a
two-dimensional (2D) model versus an axisymmetric
model. While the 2D model presents limitations in not rep-
resenting the three-dimensional (3D) cellular shape, it
allows for a parametric analysis of cell morphology. The
3D shape of meniscal cells is currently unknown and thus,
in the future it will be necessary to characterize this for
inclusion in a 3D model. Material properties were taken
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Table 1
Material properties of meniscal tissue used in the explant global model and
their ranges as given in the literature

Property Range Ref. value
Poisson’s ratio of the matrix [30-32] 0-0.4 0
Modulus of elasticity of the matrix 0.3-0.6 0.4

MPa (compression) [30-32]
Permeability of the matrix 0.6-1.5 1.5

(107 m*/N s) [30-33]
Spring constant of collagen 50-200 150

(N/mm) (tension) [29,34]

from previous experimental studies of bovine, canine,
human and porcine meniscus. Variations in the species,
age and measurement techniques used by these researchers
produced the range of values for each variable (reference
values are shown in Table 1) [29-34]. Each element was
0.025 mm x 0.025 mm. Coupled pore fluid diffusion and
stress analysis (ABAQUS Analysis User’s Manual 6.7)
was used to analyze the fluid flow velocities, pore pressures,
stresses and strains within the explant. Transient analysis
was invoked to include time dependent effects such as the
viscoelastic effect of fluid flow through the permeable
matrix. Fluid velocities and pore pressures were calculated
at the integration points and corner nodes of each element,
respectively.

2.1.1. Boundary conditions

Five percent strain, unconfined ramp compression was
applied linearly to the superficial surface of the explant
model over 1 s, as this has previously been shown to be
within the normal physiological range of 2-10% strain
[7]. Unconfined compression was simulated at the uncon-
strained right most edge of the 2D model (free edge of
the explant) by specifying a zero pore pressure boundary
condition to allow fluid flow through that surface
(Fig. 1). The superficial (top) and deep (bottom) surfaces
of the explant model were frictionless and impermeable.
The left most edge of the model (axis of the cylindrical
explant) was only constrained in the vertical direction
and was also impermeable.

2.2. Cell model

The cell and its surroundings were modeled using a sub-
modeling function. Following the explant compression
simulation which was specified as the ‘global’ model, the
cell model utilized output from the explant model to
extract boundary conditions. At each increment the cell
model would interpolate the values of the pore pressure
and displacement at locations corresponding to the posi-
tion of its boundary in the explant model and then update
its boundary conditions to match these values. The mate-
rial properties of the ECM were those used for the explant
model. The material properties of the PCM, cell and mem-
brane were taken from the literature (Table 2). Cell mem-
branes are much thinner (~5 nm [35]) than the membrane
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Fig. 1. Schematic of meniscal explant FE model. The collagen reinforcing
fibers can be seen, as can the dimensions and boundary conditions of the
model. The circular outer cell was located at 2.5 mm from the axis, and the
inner cell at 1 mm from the axis. The elliptical cell and small circular cell
were only studied at the outer location.

Table 2
Material properties used in the cell model
Property ECM PCM Membrane Cell
(identical to [17,42,48] [36,42] [49]
explant model)
Poisson’s ratio 0 0.044 0.044 0.069
Modulus of 0.4 0.0665 0.0665 0.00255
elasticity MPa
(compression)
Permeability 1.5%x 1071 2x 1071 25%x107% 2.57x 10712
(m*/N's)

These material properties belong to chondrons extracted from cartilage.

used in this model (500 nm). Ateshian et al. presented a
membrane permeability (L, = 5.00x 10""*m*/Ns), that
can be multiplied by the thickness of a membrane to deter-
mine permeability [36]. This was utilized to determine a
permeability for the cell membrane such that it accurately
represented the true 5 nm cell membrane.

Quadratic, 2D, poroelastic, continuum elements were
used to simulate a homogenous, isotropic ECM, PCM,
membrane and cell. Eight-noded continuum plane strain
elements with pore pressure active at corner nodes were
used (CPES8P). Collagen fibers do not pass through cells
or the PCM; therefore, spring elements (SPRINGA) con-
nected the left most edge of the cell model to the right most
edge and did not link to any other nodes to simulate the
tension compression non-linearity. The term ‘left most
edge’ refers to the periphery of the cell model that is closest
to the simulated central axis of the explant in the global
model. Similarly, the term ‘right most edge’ refers to the
periphery of the cell model that is closest to the free edge
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of the explant model. Again, a coupled pore fluid diffusion
and stress analysis was used to analyze the fluid flow veloc-
ities, stresses and strains in and around the cell. The posi-
tion of the cell was specified at two locations within the
explant (Fig. 1). Initially a circular cell, placed at a position
near the peripheral free edge, 2.5 mm from the central axis
of the cylindrical explant (referred to as ‘circular outer’ due
to the shape and location of the cell) was simulated. An
identical cell was then placed at a more internal position
within the meniscal explant, 1 mm from the central axis
(circular inner). The vertical position of the cell within
the explant was not altered because the fluid velocity, stress
and strain profiles only changed in the radial direction due
to the homogeneity of the model. The height of the cell was
held at 2.5 mm from the bottom surface. In addition to the
location of the cell within the explant, the morphology of
the cell was also altered to study the effects this may have
on the cellular mechanical environment. While the exact
size and shape of the meniscal cells has not previously been
quantified, based on chondrocyte studies and our own
unpublished observations, a circular cell of 10 pm diameter
was studied [17]. The original circular cell of 10 pm diame-
ter was compared to an elliptical cell with a 12.2 um major
axis lying horizontally and an 8.1 um minor axis lying ver-
tically. The area of the elliptical cell was the same as the
area of the circular cell, and was placed at the same ‘outer’
location as the circular cell. Finally, a circular cell with a

diameter of 4.2 pm was studied (small circular) at the same
‘outer’ location.

In all simulations, the cell was surrounded by a 2.5 um
thick PCM, which included a 0.5 um thick layer of ele-
ments as the cell membrane. Because the purpose of the
membrane was to measure the effect of its permeability
on the fluid flow shear stress, material properties similar
to those of the PCM were used and the permeability was
set to 2.5 x 1072 m*/N s [36] (Table 2). Since the cell vol-
ume fraction for meniscal tissue is unknown, experimental
data for articular cartilage was used to get a cell volume
fraction of 7.5% [37,38]. The chondron was encompassed
by the ECM which filled a square area 50 um x 50 pm
around the cell (Fig. 2). The ECM elements of the sub-
model were 1 um X 1 pm and even smaller in the PCM
and cell.

2.3. Data analysis

The magnitude of FFISS around the periphery of the
cell was calculated using commercially available software
(MATLAB, The MathWorks Inc., Natick, MA) and the
fluid velocity gradient. Although the cell was permeable,
fluid primarily moved over the surface of the cell mem-
brane due to the membrane’s low permeability. Using
MATLAB, the shear stress on the surface of the cell at each
node was then calculated as:
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Fig. 2. Elliptical cell submodel showing the cell, PCM and ECM. The membrane lies at the cell-PCM interface and is shown as a blacked region. Length
and height of this model is 50 um. The circular model simply has a circular cell morphology instead of elliptical.
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Table 3

Dependence of maximum fluid velocity, pore pressure, principal logarithmic strain and principal stress on elastic modulus, collagen stiffness, permeability
and Poisson’s ratio

Maximum fluid Maximum pore Principal logarithmic Principal stress

velocity (pum/s) pressure (MPa) strain (%) (MPa)
Elastic modulus (0.3-0.6 MPa) 25-27.5 8.2-8.3 5.1-5.3 0.02-0.03
Collagen stiffness (50-200 N/mm) 14.2-32 2.8-11.1 5.1 0.02
Permeability (0.6-1.5x 107> m*/N s) 17-27.5 8.3 5.1 0.02
Poisson’s ratio (0-0.4) 27.5 8.3 5.1 0.02

As the collagen stiffness or permeability increases, the maximum fluid velocities increase linearly (with the maximum value at the free surface of the
explant). An increase in the elastic modulus of the matrix resulted in a drop in maximum fluid velocities. Increases in collagen stiffness increased pore

pressure. Minimal changes in maximum pore pressure, strain or stress were found in the ECM with changes in Poisson’s ratio or permeability.

v =Ry

- vfz> B UE])

= dn

where dn is the distance from node (1) on the surface of the
cell to node (2) which is perpendicular to the tangent at
node (1), v,(l) is the velocity component at node (1) tangen-
tial to the surface of the cell, u§2> is the velocity component
at node (2) parallel to vﬁl), 7 18 the fluid flow induced shear
stress at the cell surface, v* is the velocity vector expressed
in global coordinates, v is the velocity vector expressed in
local coordinates, normal and tangential to the surface of
the cell, R is the rotation matrix that transforms the global
velocity vector into the local velocity vector with compo-
nents tangential and normal to each node on the surface
of the cell.

3. Results
3.1. Explant model

Under 5% unconfined compression, fluid pressure
decreased from 8.33 MPa at the central axis of the explant
to zero at the peripheral edge and fluid velocities increased
from zero at the central axis to their maximum value at the
periphery (~27.5 um/s). There was no change in fluid pres-
sure or fluid velocity through the depth of the material.

Changes in elastic modulus, collagen stiffness, and perme-
ability of the ECM had the greatest effects on maximum
fluid velocity in the explant model (Table 3). Maximum
principal stresses and strains occurred in the radial direc-
tion in the explant model. Maximum pore pressure, maxi-
mum principal logarithmic strains and maximum principal
stresses were not dependent on permeability or Poisson’s
ratio over the range studied using this model, and collagen
stiffness only affected fluid velocities and pore pressure
(Table 3). Maximum fluid velocities were increased with
increases in permeability, collagen stiffness and strain rate
while increases in the elastic modulus decreased the maxi-
mum fluid velocities. For all conditions studied, the princi-
pal stress and principal strain generally followed a profile
similar to that of pore pressure, that is, decreasing from a
maximum value at the axis to zero at the peripheral free
edge of the explant, and fluid velocities followed a profile
inversely proportional to the rate of change of pore pres-
sure along the radius as expected from Darcy’s law.

3.2. Cell (submodel analysis)

Since both compressive and tensile principal stresses and
strains were seen around cells, data was expressed as ranges
in the cell, PCM or ECM. Cellular stresses were an order of
magnitude less than PCM stresses and were greater in com-
pression for cells in the outer position, near the free edge of
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Fig. 3. (A) Range of principal stresses in the absence of the cell within the inner and outer regions of the ECM; (B) range of principal stresses in the PCMs
of the four submodels; (C) range of principal stresses within the cells themselves. The lower limits of these ranges represent the largest compressive stresses
(negative) and the upper limits represent the largest tensile (positive) stresses. Circ. out. (circular cell at 2.5 mm from axis of explant), ellip (elliptical cell at
2.5mm from axis of explant), circ. in. (circular cell at | mm from axis of explant), and small (circular cell of 4.2 um diameter at 2.5 mm from axis of
explant).
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Fig. 4. (A) Range of principal logarithmic strains in the absence of the cell within the inner and outer regions of the ECM; (B) range of principal
logarithmic strains in the PCMs of the four submodels; (C) range of principal logarithmic strains within the cells themselves. The lower limits of these
ranges represent the largest compressive logarithmic strains (negative) and the upper limits represent the largest tensile (positive) logarithmic strains. Circ.
out. (circular cell at 2.5 mm from axis of explant), ellip (elliptical cell at 2.5 mm from axis of explant), circ. in. (circular cell at | mm from axis of explant),

and small (circular cell of 4.2 pm diameter at 2.5 mm from axis of explant).

the explant (Fig. 3C). The elliptical cell was exposed to a
stress range twice that of a circular cell in the same location
of the same volume (elliptical versus circular outer)
(Fig. 3C). Thus, the PCM of the elliptical cell was less effec-
tive at shielding the cell from large stresses, despite similar
principal stresses in the PCM of both the circular and ellip-
tical cell of the same volume. The smaller volume circular
cell and the circular cell placed closer to the central axis
of the explant developed principal stresses similar to the
larger volume circular outer cell despite differences in
PCM stresses.

Chondrons experienced higher strains than the sur-
rounding ECM (Fig. 4). Strains were greater in the ellipti-

Fluid velocity

membrane

cal cell by 98% and were reduced in the inner circular cell
by 32% when compared to the circular outer cell. Interest-
ingly, while the stresses in the cell were much smaller than
the PCM, the strains within the cells were similar to strains
in their PCMs. The PCM of the inner circular cell experi-
enced a range of strains 77% less than the outer circular cell
(Fig. 4B). Large compressive strains were produced in
small areas of the PCM (Fig. 4B) at a location closest to
the cell surface at an angular position of 0° (Fig. 5). Table
4 shows the change in height and length of each cell follow-
ing compression. While the smaller cell deformed more uni-
formly, having comparable changes in both height (—16%)
and length (+19%), larger cells of both elliptical and circu-

Fig. 5. Contour plot of fluid velocity (um/s) around the circular cell in a matrix deformed 5% at the global level. The high fluid velocities at ‘A’ and ‘B’
around the cell are basically contained within the PCM. A deformed circular cell is shown at 2.5 mm from the axis.
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Table 4
Volume, height and length changes for the cells modeled: the circular cell
at the two locations, outer and inner, the elliptical cell and the small cell at

the outer location immediately following 5% unconfined compression over
ls

Volume (%) Height (%) Length (%)
Circular outer 20 -8 25
Elliptical outer 15 3 24
Circular inner 17 -2 33
Small circular 21 —16 19

lar morphology and at both inner and outer locations,
experienced greater increases in length (24-33%) than
changes in height (—8% to +3%).

The greater permeability of the PCM compared to the
ECM resulted in the largest fluid velocities being generated
immediately around the cell, within the PCM (Fig. 5).
Fluid velocities were negligible within the cell due to the
relatively low permeability of the membrane surrounding
it. The maximum magnitude of fluid velocities around an
elliptical cell was 21% lower than those around the circular
cell at the same location within the explant (Fig. 6A). The
inner circular cell experienced maximum fluid velocities
only 4% of those around the outer circular cell (Fig. 6B).
Decreasing the volume of the circular cell from 78.5 pm?
(diameter 10 pm) to 13.8 yum? (diameter 4.2 pm) increased
fluid velocities in the PCM.

Fluid flow induced shear stress followed a similar profile
to that of fluid velocity. Fluid flow induced shear stresses
were zero for all cases at an angular position of 0° and
180° on the surface of the cell (Fig. 5). As fluid velocities
increased at points A and B on the cell, so did the fluid flow
induced shear stresses (Fig. 7).

4. Discussion

The findings of this study expand on the previous
knowledge of the mechanical environment in biphasic tis-
sues, and in particular the mechanical environment around
an individual cell [13,15,17-19,39-41]. The data presented
are novel, in that a range of tissue properties for meniscal
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degrees from the positive horizontal axis (a horizontal line running
through the center of the cell as shown in Fig. 5).

tissue was investigated to study the effects on the mechan-
ical environment within a meniscal explant. Changes in the
meniscal material properties tended to have the largest
effects on interstitial fluid velocities, more than doubling
the value (from 14 to 32 pm/s). Thus, these data agree with
previous results that cells within different regions of the
explant will be exposed to different magnitudes of mechan-
ical stimuli depending on their position within the tissue
and the mechanical properties of the tissue surrounding
them [14,18]. How the mechanical environment changes
with altered material properties may also be of value when
considering trauma, or degeneration that may likely cause
meniscal tissue to remodel with new material properties.
While the material properties of degenerative meniscal tis-
sue are unknown, and the current results only examined a
range, it may be extrapolated that if large changes in the
elastic modulus occur with degeneration, or changes in per-
meability, then fluid flow characteristics and solid matrix
behavior will be dramatically affected.

inner

outer

I
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B: ECM Fuuid velocity (um/s)

Fig. 6. (A) Range of fluid velocities seen in the submodels. (B) Range of magnitudes of fluid velocity in the absence of the cell at 1 mm from the axis (inner)
and at 2.5 mm from the axis (outer). Circ. out. (circular cell at 2.5 mm from axis of explant), ellip (elliptical cell at 2.5 mm from axis of explant), circ. in.
(circular cell at 1 mm from axis of explant), and small (circular cell of 4.2 um diameter at 2.5 mm from axis of explant).
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This research is the first to study the cellular mechanical
environment in which the cell was modeled with a semi-per-
meable membrane, and the gradient of the fluid velocity
was used to calculate an estimated FFISS. This study pro-
vides greater insight into the effect of varying shape and
position of chondrons which appear to be stress and strain
concentrators within meniscal tissue. While it has previ-
ously been shown that cells are shielded from high stresses
by their PCMs [17], the higher permeability of the PCM
coupled with a membrane with a low permeability results
in higher fluid velocities tangential to the cell surface and
thus high fluid flow induced shear stress. Principal strains
within cells remained comparable to strains in the PCM
regardless of this stress shielding effect. An elliptical cell
morphology increases the principal stresses and principal
strains within the cell. This may mean that cells in the
meniscus, which are elliptical, are more sensitive to their
mechanical environments. Cell strain has previously been
shown to correlate to matrix synthesis [13]. This model pre-
dicts that a cell may increase in volume immediately follow-
ing compression by approximately 20%, which is in
agreement with other such models [18] that did not include
a cell membrane. Wu et al. showed that while cell volume
increases initially following a ramp compression, cell vol-
umes then decrease as the tissue is allowed to relax [18],
which is in agreement with experimental evidence of cell
volumes decreasing at equilibrium under a compressive
strain [39]. Volume changes in this paper may not be real-
istic because the membrane did not contain any ruffles or
undulations which may affect volume changes [39]. Volume
changes cannot be computed from height and length
changes alone as the morphology of cells modeled did
not remain elliptical or circular following compression.

Chondrons closer to the radial edge will be exposed to
higher fluid velocities as shown by the macroscopic fluid
velocity profile. However, due to the shielding effect of
the PCM there were only small changes in the cellular prin-
cipal stresses and principal strains with varying cell loca-
tion, even though the principal stresses and principal
strains in the PCM showed large changes with position.
Kim and Buschmann [13-15] found that matrix synthesis
was greatest at the free surface of the explant and decreased
at the center of a cylindrical cartilage explant. Current
results showed that the most pronounced manifestation
of a change in radial position on a cell was the alteration
of fluid velocities tangential to the cell, and thus fluid flow
or associated streaming potentials may play an important
role in mechanotransduction. The presence of a membrane
increased the tangential component of fluid velocity and
consequently the fluid flow induced shear stress by an order
of magnitude (data not shown). Due to the higher perme-
ability of the cell compared to the ECM and PCM, without
the relatively impermeable cell membrane, maximum fluid
velocities occurred in the cell itself, as the cell offered less
resistance to flow and fluid preferentially flowed through
the cell. Another potent influence on fluid velocities is cell
size. Smaller cells experience greater fluid flow induced

shear stresses even though fluid velocities around them
are only slightly greater than velocities around larger cells.
Recent studies have shown that the permeability of chon-
drocyte PCMs may be on the order of 107" m*/N s [42],
which reduces fluid flow around the cell in comparison to
this model.

Fluid flow induced shear stresses have previously been
shown to result in increases in intracellular calcium con-
centration in meniscal cells. These studies however were
conducted with fluid shear stresses ~1-6 Pa [23,43]. Future
studies should be conducted at the smaller shear stress
levels seen in this study (<1.0 Pa). Previous studies on arti-
cular cartilage have used shear stress levels from 1 Pa to
3.7 Pa [21,22]. These studies did show that at 1 Pa, approx-
imately 40% of the cells responded with an increase in
intracellular calcium mobilization [21]. Intracellular cal-
cium is a potent second messenger in many musculoskeletal
cells. Fibroblasts have also been shown to be sensitive to
fluid flow induced shear stresses with magnitudes between
0.7 Pa and 2.5 Pa [20,44]. We are uncertain if meniscal cells
would be responsive to the magnitudes found in this study.
Fluid flow in musculoskeletal tissues results in a complex
environment around cells, creating a potential mechanical
signal, streaming potential and/or chemotransport detect-
able by the cell. Previous researchers have shown that the
degree of matrix synthesis is similar to the fluid velocity
profile within cartilage explants [15], and studies in bone
have shown that chemotransport can modulate the
response of bone cells to fluid flow induced shear stress
[45]. Thus, since meniscal tissue is composed of both fibro-
blastic-like cells and chondrocytic-like cells, future biolog-
ical studies should separate meniscal cell populations and
determine the mechanosensitivity to fluid flow induced
shear stress below 1 Pa as predicted by this model.

Early studies on meniscal cell morphology suggested
that in the superficial zone of the tissue there exist fibro-
blastic-like cells, and in the deeper zones there existed more
chondrocytic or spherical cells [16,46]. Recently, some have
begun to suggest that near the peripheral attachment to the
joint capsule there exist more fibroblastic-like cells and in
the inner zone, near the central apex, the cells are more
chondrocytic-like [12]. Therefore, how cell morphology
changes throughout the meniscus is unknown, and needs
further 3D studies. Since we modeled the tissue as homoge-
neous, and there were no changes in ECM stresses through
the depth of the tissue, we can assume that we are simply
modeling two different cell morphologies. Whether they
occur in superficial or deep zones, or inner versus outer
zones, will require more studies.

Both models in this study were 2D whereas the true
environment is 3D. In reality tensile elements (collagen)
are unidirectional and this may result in different loading
of the cell in a direction running perpendicular to the col-
lagen fibers. A truly 3D model of an explant would allow
for a complete analysis of the mechanical loading on cells.
For example, fluid velocities are lower if tension elements
are not included in the global explant model by two orders
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of magnitude. Hence, the 3D environment around a cell
will likely be affected by the non-uniform orientation of
collagen fibers in the meniscus.

While constant material properties were assumed for the
cell and PCM, previous FE models have studied how these
properties affect the local mechanical environment around
cells [17,47]. Some have shown that the permeability of the
cell relative to that of the extracellular matrix does not have
a large influence on the mechanical environment [17],
whereas more recently, decreases in Young’s modulus
and increases in permeability of the PCM, changes associ-
ated with osteoarthritis, resulted in increases in cell com-
pressive strain [47]. It should be noted, however, that
these previous FE models were of articular cartilage and
used a linear biphasic model. Future work should include
determining the range of material properties for meniscal
cells isolated from various regions of the tissue as well as
incorporating ECM inhomogeneities that may exist. This
could then provide a basis for a parametric study of the
affect of material properties of the cell and PCM in meni-
scal tissue.

5. Conclusion

The mechanical environment of chondrons is governed
in part by their position relative to a free edge, material
properties of the constituents of the cell, PCM, membrane
and ECM, as well as their morphology and size. In partic-
ular cells are shielded from high stresses by the PCM
whereas cellular strains are comparable to strains in the
PCM. Chondrons act as stress and strain concentrators.
Elliptical cells are more sensitive to external loading with
the exception of fluid flow induced shear stress which is
higher in circular cells. A cell membrane was found to be
crucial in magnifying the tangential fluid flow and hence
the induced shear stress around a cell. Furthermore, the
smaller a cell the greater the fluid velocity shear stresses
around it. The role of fluid flow needs to be studied in more
detail as FFISS were lower than those which caused a cel-
lular response in previous studies. Disease states such as
osteoarthritis affect the material properties of the ECM
and, as shown in this study, the mechanical environment
within an explant changes appreciably with changes in
material properties.
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