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The meniscus is crucial in maintaining knee function and protecting the joint from
secondary pathologies, including osteoarthritis. The meniscus has been shown to absorb
up to 75% of the total load on the knee joint. Mechanical behavior of meniscal tissue
in compression can be predicted by quantifying the mechanical parameters including;
aggregate modulus (H) and Poisson modulus (v), and the fluid transport parameter:
hydraulic permeability (K). These parameters are crucial to develop a computational
model of the tissue and for the design and development of tissue engineered scaffolds
mimicking the native tissue. Hence, the objective of this study was to characterize the
mechanical and fluid transport properties of human meniscus and relate them to the
tissue composition. Specimens were prepared from the axial and the circumferential
anatomical planes of the tissue. Stress relaxation tests yielded the H, while finite element
modeling was used to curve fit for v and K. Correlations of moduli with water and
glycosaminoglycans (GAGs) content were investigated. On average H was found to be
0.11 £0.078 MPa, v was 0.32 + 0.057, and K was 2.9 + 2.27 x 10~ "° m*N~"s~". The
parameters H, v, and K were not found to be statistically different across compression
orientation or compression level. Water content of the tissue was 77 + 3.3% while GAG
content was 8.79 + 1.1%. Interestingly, a weak negative correlation was found between
H and water content (R? ~ 34%) and a positive correlation between K and GAG content
(R? ~ 53%). In conclusion, while no significant differences in transport and compressive
properties can be found across sample orientation and compression levels, data trends
suggest potential relationships between magnitudes of H and K, and GAG content.

Keywords: fibrocartilage, aggregate modulus, poisson modulus, confined compression, stress- relaxation, finite
element modeling, glycosaminoglycans
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INTRODUCTION

Osteoarthritis (OA) is a degenerative joint disorder that has
high socioeconomic impact, affecting 1 in 2 adults and resulting
in more than $100 billion annually in the United States alone
(Murphy and Helmick, 2012). The knee is highly susceptible to
OA degenerative changes, and, in fact, is the most commonly
affected joint. The fibrocartilaginous menisci are semilunar
shaped tissues that are sandwiched between the femoral condyle
and the tibial plateau in the knee. The primary function of the
meniscus is to provide load distribution and transmission, while
also maintaining joint congruency and lubrication. Importantly,
it has been shown the menisci bear 45-75% of the total knee joint
load, which can range from 2.7 to 4.9 times the body weight (Paul,
1976; Shrive et al., 1978). Therefore, damage or degeneration of
the meniscus is detrimental to the underlying articular cartilage,
and can lead to the progression of OA.

The ability of the menisci to perform its mechanical function is
tied to its particular structure and composition. The extracellular
matrix (ECM) of the tissue is composed primarily of collagen
and proteoglycans, and ~75% of the tissue wet weight is water
(Athanasiou and Sanchez-Adams, 2009). Collagen fibers are
arranged in large bundles that are circumferentially aligned and
held together by radial tie fibers, thereby providing high tensile
stiffness. Areas of high proteoglycan content are able to withstand
large compressive forces as well, since glycosaminoglycans
(GAGs) attached to proteoglycans are responsible for imbibing
the tissue with water, thereby increasing compressive stiffness
(Athanasiou and Sanchez-Adams, 2009). Thus, the meniscus
acts as a viscoelastic material that withstands forces in tension,
compression, and shear in order to fulfill its mechanical function
with the joint. Knowledge of mechanical properties of the native
meniscus tissue can be used for designing tissue engineered
replacements as well as for the development of computational
models of the tissue, which can lead to new treatment modalities
aimed at curbing OA in the joint.

Numerous investigators have studied the biomechanical
behavior of human and animal menisci in tension, compression,
and shear, see review (Athanasiou and Sanchez-Adams, 2009).
Many of these studies have shown that mechanical properties of
the tissue are anisotropic and inhomogeneous. The compressive
properties of a tissue can be characterized by the aggregate
modulus (H), Poisson ratio (v), and the hydraulic permeability
(K). Hydraulic permeability is also a measure of transport
behavior in the tissue as it quantifies fluid movement through
the ECM. Several studies have investigated these properties in
human and animal menisci (Joshi et al., 1995; LeRoux and Setton,
2002; Sweigart et al., 2004; Sweigart and Athanasiou, 2005; Chia
and Hull, 2008; Bursac et al., 2009; Seitz et al., 2013; Abdelgaied
et al., 2015; Danso et al., 2018; Kleinhans and Jackson, 2018;
Warnecke et al., 2020). However, there is limited information
regarding their relation with tissue composition and structure.
A Dbetter understanding of such relationships may provide key
insights into meniscus physiology and pathogenesis, and can also
be deployed in developing new tissue regeneration strategies.

In this study, we aimed to characterize the compressive
properties of human meniscus tissues. We performed stress

relaxation experiments of tissue plugs in confined compression
that, combined with finite element modeling, yielded values
for the aggregate modulus, Poisson’s ratio, and hydraulic
permeability. In order to determine the anisotropic nature of
the tissue’s biomechanics in compression, we used specimens
having either circumferential (i.e., parallel to the collagen fiber
bundles) or axial (i.e., orthogonal to fibers) orientations. In
addition, we also investigated the strain-dependent behavior
by varying the magnitude of compressive strain from 5 to
20%. Finally, we measured the composition of the tissue (e.g.,
water, glycosaminoglycan contents) in order to determine
if a relationship exists between mechanical properties
and tissue composition. This study provides important
quantitative information and structure-function relations
that can be employed for computational modeling or tissue
engineering applications to develop new treatments for meniscus
degeneration and related OA.

METHODS

Sample Preparation

Three lateral and 5 medial human menisci were obtained
frozen from five cadavers aged 73.5 £ 6.4 y.o. The central
regions of the menisci were sectioned into wedges before cut
in 1.5mm slices in axial and circumferential directions using
a compresstome® (VE-200-0Z, Precisionary, Natick, MA). A
5mm diameter corneal trephine was used to cut at the center
of the slices into 1.39 & 0.32mm tall cylinders, see Figure 1.
A total of three samples were prepared per meniscus: two for
stress-relaxation experiments (axial and circumferential) and one
for water and GAG content measurements taken adjacent to the
axial sample. Once prepared, samples designated for mechanical
tests were stored at —4°C submerged in protease inhibited
(Complete Tablets, Roche, Basel, SWI) 1X phosphate buffered
saline (PBS) solution until testing. Samples designated for
measurements of tissue composition were immediately processed
as detailed below.

Mechanical Testing

Experiments were conducted to measure stress-relaxation during
confined compression. The cylindrical samples were thawed
at room temperature and placed inside the 5mm diameter
compression chamber filled with PBS. A uniaxial testing
apparatus (Univert, Cell Scale, Waterloo, ON) with a 50 N load
cell was used to measure the normal force during testing, see
Figure 1. For each sample, a total of three consecutive stress-
relaxation tests were carried out at 5, 10, and 20% strains. The
samples were compressed by a porous plug that allowed for fluid
exudation during compression. The compressive strains were
calculated based on the height of the sample calculated after
applying a preload of 0.1 N. The preload was used to ensure
proper contact at the interface between tissue and porous plug.
Each compression sequence consisted of a 1s ramp followed by
3,000 s hold period. Preliminary data and similar studies have
shown that 3,000s is sufficient for load equilibrium to occur
in meniscal tissue under compression (Williamson et al., 2001;
Seitz et al, 2013). All data were recorded at 5Hz sampling
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FIGURE 1 | Specimen preparation and experimental apparatus: (a) Human meniscus specimen. The tissue region where samples are taken from is included between
the dashed lines; (b) Meniscus wedges are sliced via Compresstome®; (c) A 5 mm trephine cut the meniscal slice in a cylindrical specimen; (d) Meniscus specimen
used in the experiments; (e) Uniaxial testing apparatus used for confined compression testing.

frequency using Labjoy (Version 10.78, Cellscale.com). The
aggregate modulus (H) was calculated via in-house developed
MATLAB® v2019a (Mathworks, Inc., Natick, MA) script which
divided the value of the normal force at equilibrium by the
applied strain applied and the cross-sectional area of the sample
(Chia and Hull, 2008; Bursac et al., 2009; Seitz et al., 2013).
Both Poisson’s ratio (v) and hydraulic permeability (K) were
calculated by curve-fitting the stress-relaxation experimental
data with the numerical solution of a finite element model of
a meniscal sample undergoing confined compression. Curve-
fitting was carried out using a Levenberg-Marquardt algorithm
implemented in the Parameter Optimization Module (Version
2.0, febio.org) included in FEBio Studio (Version 1.0, febio.org).

Finite Element Model

A computational model for confined compression of meniscal
samples was implemented in FEBio Studio (Version 1.0,
febio.org) (Maas et al., 2012). The meniscal tissue was modeled
as a poroelastic continuum according to established theoretical
frameworks (Bowen, 1980; Mow et al.,, 1980). Specifically, as
previously reported, the meniscus solid phase was described as
characterized by an isotropic neo-Hookean constitutive equation
(Seitz et al.,, 2013). The fluid phase embedding the solid matrix
was assumed inviscid and incompressible. Fluid percolation
through the porous solid phase was governed by Darcy’s law
with constant, isotropic K. The compressing porous plug was
modeled as a rigid body. Shape and dimension of the modeled
tissue were the same as those of the specimens tested. Aimed at
simulating a confined compression, the bottom of the sample, as

well as its lateral surface were considered impermeable and fixed,
so as to prevent fluid exudation and solid displacement. The fluid
could only be exchanged through the superior surface, which
was displaced by the porous plug with the same compression
sequence used in the experiments. Based on a preliminary mesh
convergence study, a total of 600 8-node hexahedral elements
were used to represent the meniscal sample. Model output was
the time-dependent normal force on the compressing porous
plug. A schematic of the computational model is reported in
Figure 2.

Measurement of Tissue Composition

Water and GAG content of menisci specimens were measured.
An analytical balance (Model ML104, Mettler Toledo, Columbus,
OH) was used to record the sample weight in air (W), in
PBS solution (W;), and immediately after 24-h lyophilization
(Wd,y). The water volume fraction, ¢, was calculated based on
the following equation (Travascio et al., 2020):

_ (Wiper — Wdry)ps

= %. (1)
(W et — Ws) Pw

Pw

where p; and p, are the densities of PBS and water,
respectively. Subsequently, the GAG content was measured
using a 1,9-dimethylmethylene blue (DMMB) (Polysciences Inc.,
Warrington, PA) binding assay (Burton-Wurster et al., 2003).
Following lyophilization, tissues were digested using papain
solution (250 pg/ml). Once digested, tissues were mixed with
DMMB and the absorbance was measured using a multi-mode
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FIGURE 2 | Summary of experimental procedures. The samples were prepared into 5 mm diameter disks which were used for mechanical and biochemical testing.
Confined stress-relaxation experiments were conducted on axial and circumferential samples (n = 8) which yielded H from measurement of the residual reaction force
on the compressing porous plug. Curve-fitting of stress-relaxation tests with FEM model yielded values of v and K.

microplate reader (Molecular Devices SpectraMax M2 Series,
Sunnyvale, CA) at 525 nm wavelength. The GAG content (¢Gag)
was defined as:

%, (2)

Statistical Analysis

All data were reported as mean =+ standard deviation.
Data normality was investigated via Anderson-Darling tests
(a =0.05). One-way ANOVA tests (o = 0.05) were conducted to
determine whether the magnitude of compression (5, 10, or 20%)
had significant effects on H, K or v. In addition, 2-sample ¢-tests
were performed comparing the values of H, v, and K measured
in the axial specimens to those observed in the circumferential
ones. Also, simple linear regression analyses were conducted to
individuate possible empirical relations among the parameters
H, v, and K and water or GAG content. For all analyses
conducted, Grubbs tests (¢ = 0.05) were conducted to identify
any outliers.

RESULTS

Measurement of H, v, and K for all magnitudes of compression
and sample orientation are reported in Figure 3. The magnitude
of H did not significantly change with the magnitude of
compression (p = 0.93). On average, circumferential samples
were stiffer (H = 0.13 = 0.078 MPa) than axial ones (H = 0.09
£ 0.073 MPa), although the differences were not statistically
significant (p = 0.24) Also, the Poisson modulus (v = 0.32
£ 0.057) did not significantly change with each magnitude
of compression (p = 0.43) or tissue orientation (p = 0.66).
Finally, no statistical differences were found in the values of
K among difference magnitudes of compression (p = 0.078).
For all the cases investigated, axial samples were characterized
by larger values of K (3.1 £ 2.4 x 107> m*N~!s7!) when
compared to circumferential ones (K = 2.6 £ 2.1 x 1071

m*N~!s7!). However, the differences were not statistically
significant (p = 0.506).

Average water content of the samples was 76.8 &= 3.3% of the
total weight, while that of GAGs was 8.79 = 1.1% of the tissue dry
mass, see Table 1. A summary of the empirical relations among
the mechanical and transport parameters and tissue composition
is reported in Figures 4, 5. The values of H decreased as water
or GAG content increased. However, statistically significant
relations were only found when relating H to water content in the
axial orientation (p = 0.02). No statistically significant relations
were found between K and water or GAG content. However, a
trend of increasing values of K with GAG content was observed
(p =0.063). No correlation between Poisson’s modulus and tissue
composition was found.

DISCUSSION

Stress-relaxation experiments were conducted in confined
compression to yield values of H, v, and K at magnitudes of
compression ranging from 5 to 20%. These levels of compression
were chosen as they represent physiological levels of loading
in the meniscus (Chia and Hull, 2008; Yang et al., 2010). The
results of this study show that compressive strains in this range
did not significantly affect the magnitude of H for all cases
investigated (p = 0.93). This is in agreement with previous studies
on both human (Chia and Hull, 2008; Seitz et al., 2013) and
animal (Sweigart et al., 2004; Abdelgaied et al., 2015) menisci
being compressed from 3 to 20%. This finding would suggest
that, within the physiological range of deformation explored in
this study, the meniscal tissue exhibits a linear elastic behavior.
This is the first study comparing the mechanical compressive
behavior of human meniscus along the parallel and orthogonal
directions of collagen fibers in the tissue. It was found that the
average values of H in the axial and circumferential directions,
0.086 and 0.126 MPa, respectively, were not statistically different
(p = 0.24), see Figure 3. This may be due to the fact that collagen
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FIGURE 3 | Mechanical and transport parameters of human meniscal tissue.
Effects of specimen orientation and level of compression are illustrated for:
(A) the modulus H, (B) the Poisson modulus v and (C) the permeability K. For
all the data presented, white bars refer to axial samples, and black bars refer
to circumferential samples.

fibers would contribute to the mechanical stiffness of the tissue
only in tension.

Similar to our findings for the aggregate modulus, the values
of the Poisson modulus did not significantly change with either
compressive strain (p = 0.43) or sample orientation (p = 0.66),
see Figure 3. The average value of v measured was 0.32, which is
within the range of previously reported measurements on bovine
meniscus by Danso et al. (2018) via confined and unconfined
compression tests. Other studies have reported much lower

TABLE 1 | Summary of tissue composition.

Pw YGcAG

76.79 + 3.32% 8.79 £1.07%

Values of water and GAG content are calculated according to Equations (1) and (2).

values of Poisson modulus (Sweigart et al., 2004; Abdelgaied
et al., 2015); however, those studies focused on the mechanical
characterization of the superficial layers of the tissue rather than
the bulk properties, as performed here. Further investigation of
the Poisson ratio in different layers within the same meniscus
tissue would provide more insight into the heterogeneity of this
tissue property.

The values for hydraulic permeability determined here were
similar to those found in the literature for human and animal
tissues, ranging from 0.07 to 6.8 x 107" m*N~!s™! (Joshi
et al,, 1995; LeRoux and Setton, 2002; Sweigart et al., 2004; Seitz
et al., 2013; Danso et al., 2018; Kleinhans and Jackson, 2018;
Warnecke et al., 2020). Our results also showed that hydraulic
permeability did not significantly vary with the magnitude of
the compressive strain (p = 0.078), similar to an earlier study
in human tissues with strain levels up to 20% (Seitz et al.,
2013). In contrast, other studies have shown that K significantly
decreases with compressive strain (Danso et al., 2015; Kleinhans
and Jackson, 2018). Measurements from the present study only
suggest a trend of K reducing with strain level, see Figure 3C.
The discrepancy may be the result of a difference in measurement
technique: while the present study and that by Seitz et al.
(2013) employed a confined compression experiment, other
studies used direct permeation (Kleinhans and Jackson, 2018)
and indentation testing (Danso et al, 2015). In the present
study, the mean values of K were 3.1 x 107> m*N=ls~!
and 2.6 x 1071 m*N~!s7! for the axial and circumferential
orientations, respectively, suggesting that hydraulic permeability
is slightly higher in the axial direction. To our knowledge,
only one other study investigated the anisotropic behavior of
permeability in meniscus tissues (Kleinhans and Jackson, 2018);
that report found the opposite trend, with K being significantly
higher in the circumferential direction as compared to the axial
direction. However, key differences in that study compared to
the current study, including use of healthy porcine tissues and
measurement via direct permeation testing, likely contributed
to the differences. More investigation is warranted in order
to better understand the behavior of fluid transport in human
meniscus tissues.

Measurements of tissue composition allowed for investigating
any potential relationships among mechanical and transport
parameters, and water and GAG contents. In this study, we
focused on water and GAG contents because these are the
key components known to support compressive loads in the
tissue. The volumetric water content was found to be 76.8 +
3.3%, which is within the range of water content measured in
previous studies (Proctor et al., 1989; Joshi et al, 1995). The
sulfated GAG content amounted to 8.79 £ 1% of the tissue
dry weight, also consistent with previous GAG measurements
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(Herwig et al., 1984). A negative relationship was found between
the H measured and the water content of the tissue. However,
this relationship was significant in the compression of axial
samples (p = 0.02). A similar result was also found in studies
with meniscal compression in the axial orientation (Joshi et al.,
1995; Bursac et al., 2009; Seitz et al., 2013). Stress on the
ECM of porous tissue decreases as fluid leaves. Therefore,
menisci with higher water content tend to allow the release

A3
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FIGURE 5 | Relationships between mechanical and transport parameters and
@caa: (A) relationship with H; (B) relationship with v; (C) relationship with K.

of greater volumes of water which reduces stress on the ECM
(Han et al., 2018).

No correlation was found between water content and K.
Previous studies have found that hydraulic permeability trends
positively with water content in meniscal tissue (Joshi et al,
1995; Seitz et al., 2013; Kleinhans and Jackson, 2018). However,
in the current study such relationship was not found. The
divergence among these findings may be related to interspecies
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variations; for example, the study by Joshi et al. found the
strongest correlation between water content and permeability
for porcine tissues, which is the same tissue source used by
Kleinhans and Jackson. Furthermore, differences in specimen
harvest locations, which influence the structural organization
of the tissue, may also contribute to these differences.
Numerous empirical models of hydraulic permeability in porous
hydrated media also suggest a positive correlation with tissue
water content. Therefore, more investigation is warranted,
with a larger sample size, in order to better characterize
this relationship.

The present study also found no correlation between H
and GAG content for human meniscus tissues. Bursac et al.
(2009) found a positive correlation between meniscal stiffness
and GAG content. However, the meniscal samples used in their
study were characterized by a GAG content lower than that
observed in our experiments. Also, a regional variation in the
contribution of GAGs to meniscal mechanical properties has
been reported: presence of GAGs increases the compressive
modulus in the inner and middle region of the meniscus, but
has no effect on the outer part of the tissue (Sanchez-Adams
et al,, 2011). A study investigating the mechanical properties
of different regions of the tissue over a wider range of GAG
contents may provide more insight into the contribution of this
component to the behavior of the meniscus in compression.
In addition, a positive trend (p = 0.063) was found between
K and GAG content. In articular cartilage, GAGs provide
the greatest resistance to flow (Reynaud and Quinn, 2006)
but the opposite effect was recorded in the present study.
It is also known that GAG content in articular cartilage is
larger than that in meniscus. This might suggest a different
role this component may have in the mechanical behavior
of the meniscus as opposed to that assumed in cartilage.
Further investigation into this relationship is necessary to
confirm this result. No relationship was found relating the
Poisson modulus of the tissue to its biochemical contents (see
Figures 4, 5). To the best of our knowledge, the effect of
water and GAG contents on v of meniscal tissue has not been
previously recorded.

This study presented some limitations. Meniscal samples were
obtained from elderly donors (73.5 & 6.4 y.0.) who represent only
a part of the general adult population. Age-related changes in
the composition of the knee meniscus have been reported (Tsujii
et al,, 2017). Accordingly, the mechanical properties and their
relationship with tissue structure and composition determined
in this study may vary from those one would measure in a
younger age group. Data from lateral and medial menisci were
pooled together, although they are different in shape and size
(Makris et al., 2011), as well as in biochemical composition
(Adams et al, 1983; Seitz et al., 2013). While significant
regional variations in tissue stiffness have been reported for
porcine meniscus (Sweigart and Athanasiou, 2005), several other
studies on both animal and human tissue (Seitz et al., 2013;
Kleinhans and Jackson, 2018) did not find significant differences
in mechanical and transport properties between medial and

lateral menisci. In addition, only the core of the sample was
analyzed, while the external layer of tissue was neglected. The
external layer of the meniscus has different composition and
structural organization when compared to its core (Proctor et al.,
1989). Such differences may significantly affect both mechanical
and transport parameters, warranting a dedicated study.
Due to experimental procedures, specimens for composition
measurements were taken from adjacent regions of the tissue; it
is thus possible that stronger correlations may be found if direct
measurements for composition were taken from experimental
samples, as in earlier studies (Kleinhans and Jackson, 2018). For
the purposes of model simplification, the computational model
of the meniscus compression used to curve fit the experimental
data assumed K to be isotropic and constant. Previous studies
measuring K via direct permeation showed a dependence of such
parameter with the magnitude of the compressive strain applied
(Kleinhans and Jackson, 2018). In this study, K was assumed to be
constant, which is consistent with an earlier study indicating that,
in confined compression tests, a poroelastic model with constant
K may better interpret the experimental data as compared
to a mathematical representation including strain dependence
(Seitz et al., 2013).

CONCLUSION

In conclusion, results of the present study add new knowledge
on H, v, and K and their relationship with tissue structural
organization and composition. Specifically, while no significant
differences in transport and compressive properties can be
found across sample orientation and compression levels, data
trends suggest potential relationships between magnitudes of
H and K, and GAG content. Such information can be utilized
to better understand meniscal mechanics, mechanobiology
and physiology, to develop computational models to predict
meniscus mechanical behavior in vivo, as well as to design and
develop meniscal replacements.
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