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a b s t r a c t

Hydraulic permeability is an important material property of cartilaginous tissues, governing the rate of
fluid flow, which is crucial to tissue biomechanics and cellular nutrition. The effects of strain, anisotropy,
and region on the hydraulic permeability in meniscus tissue have not been fully elucidated. Using a one-
dimensional direct permeation test, we measured the hydraulic permeability within statically com-
pressed porcine meniscus specimens, prepared such that the explants were in either the axial or circum-
ferential direction of either the central or horn (axial direction only) region of the medial and lateral
menisci. A constant flow was applied and the pressure difference was measured using pressure transduc-
ers. Specimens were tested under 10–20% compressive strain. Permeability values were in the range of
1.53–1.87 � 10�15 m4/Ns, which is comparable to values found in the literature. Permeability was signif-
icantly anisotropic, being higher in the circumferential direction than in the axial direction. Additionally,
there was a significant negative correlation between strain level and permeability for all groups. Lastly,
no statistically significant difference was found between permeability coefficients from different regional
locations. This study provides important information regarding structure-function relationships in
meniscal tissues that helps to elucidate biomechanics and transport in the tissue, and can aid in the
understanding of the tissue’s role in the function of the knee joint and onset of osteoarthritis.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The transport of fluid within the knee meniscus is crucial to its
viscoelastic behavior, cellular nutrition, and biomechanical proper-
ties (Armstrong and Mow, 1982; Gu et al., 1993; Lai and Mow,
1980; Maroudas, 1979; Setton et al., 1993; Urban et al., 1977).
Governing the rate of fluid transport processes in cartilaginous tis-
sues, hydraulic permeability is an important material property for
hydrated soft tissues such as the knee meniscus (Gu et al., 1993,
1998; Lai and Mow, 1980; Mow et al., 1980). Theoretical models
have shown that the hydraulic permeability of charged hydrated
tissues is related to water volume fraction, tissue fixed charge den-
sity, ion diffusion coefficients, and the frictional coefficient
between water and the extracellular matrix (Armstrong and
Mow, 1982; Gu et al., 1993; Lai and Mow, 1980; Maroudas,
1979; Mow et al., 1984; Quinn et al., 2001a). These, in turn, are

functions of tissue structure (e.g., collagen fiber organization) and
composition (e.g., water content). Thus, improved knowledge of
hydraulic permeability in meniscus tissues could provide impor-
tant insight into tissue function and pathophysiology.

Previously, the permeability coefficient has been measured in
the meniscus and other cartilaginous tissues from several species
(e.g., bovine, human, porcine, etc.). For meniscus, values were in
the range of 0.81–6.2 � 10�15 m4/Ns (Joshi et al., 1995; LeRoux
and Setton, 2002; Martin Seitz et al., 2013; Proctor et al., 1989;
Sweigart and Athanasiou, 2005; Sweigart et al., 2004) and for artic-
ular cartilage, values were found to be in the order of 10�15 m4/Ns
range (Ateshian et al., 1997; Athanasiou et al., 1994; 1995; Bursac
et al., 1999; Froimson et al., 1997; Gu et al., 2003; Jurvelin et al.,
2003; Korhonen et al., 2002; Mansour and Mow, 1976; Mow
et al., 1980; Reynaud and Quinn, 2006; Soltz and Ateshian, 2000;
Wu et al., 2015; Yuan et al., 2011). However, to our knowledge,
limited information has been published regarding the strain-
dependent, anisotropic, and region-specific permeability of healthy
meniscus tissues.

The overall objectives of this study were to measure the
hydraulic permeability coefficient of porcine meniscus tissues in
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two major directions (axial and circumferential), and to investigate
the effects of location (medial vs lateral and horn vs central) on the
behavior of permeability in porcine meniscus. We hypothesized
that hydraulic permeability is anisotropic, with a greater perme-
ability coefficient in the circumferential direction than the axial
direction. We also hypothesized that hydraulic permeability will
be strain-dependent, with an increase in compressive strain corre-
sponding to a decrease in hydraulic permeability. Moreover, we
hypothesized that hydraulic permeability will be region-specific,
based on the location in the tissue when comparing central versus
horn regions, and medial versus lateral tissues. To test these
hypotheses, we measured the hydraulic permeability in porcine
meniscus under varying levels of compressive strain, in two direc-
tions (axial and circumferential), and in four different locations in
the tissue (medial central, medial horn, lateral central, lateral
horn). Results were correlated with tissue water volume fraction
and level of compressive strain. This study provides new informa-
tion about fluid flow kinetics in meniscus tissues. Knowledge of
hydraulic permeability in the meniscus is important given that
many knee joint problems, such as osteoarthritis (OA), are associ-
ated with mechanical failure of the meniscus.

2. Theoretical approach

Darcy’s law describes the transport of fluid through a porous
(permeable) material under a pressure gradient. This is shown by:

jv ¼ �k
dp
dx

ð1Þ

where jv is the flux of the fluid volume in the x-direction, p is the
fluid pressure, and k is the hydraulic permeability. The flux is
defined as the volume flow rate per unit area, while the volume
flow rate is defined as the volume of transported fluid over time.

The volumetric flow rate, Q , through the porous media is a func-
tion of the pressure difference across the sample, the cross-
sectional area of the sample, A, and the thickness of the sample,
L. It also depends on the hydraulic permeability of the sample:

Q ¼ kA
Dp
L

ð2Þ

The volume flux of fluid flow through the porous media is the
volume flow rate per area:

jv ¼ Q
A
¼ k

Dp
L

ð3Þ

Therefore, the hydraulic permeability, k; can be determined by:

k ¼ QL
DpA

; ð4Þ

where Q is the volumetric flow rate (volume per unit time), L is the
sample thickness, Dp is the pressure difference across the sample,
and A is the cross-sectional area of the tissue sample. The hydraulic
permeability of a sample can be determined by applying a constant
volumetric flow rate and measuring the pressure difference across
the sample in a 1-D permeation test (Gu et al., 1999; Maroudas
et al., 1968; Weiss and Maakestad, 2006).

Several constitutive models have been proposed to relate tissue
composition or strain levels to the hydraulic permeability in a por-
ous media. Previously, Lai and Mow found that hydraulic perme-
ability was exponentially dependent on the level of compressive
strain applied (Lai and Mow, 1980) by:

k ¼ koe�M�c ð5Þ
where ko andM are material parameters that depend on the applied
pressure. Specifically, k is the apparent permeability found in this
study, ko is the intrinsic permeability of uncompressed tissue, M is

the dimensionless nonlinear interaction coefficient, and �c is the first
invariant of the strain tensor (i.e., compressive strain). By curve-
fitting experimental data, the value of the apparent hydraulic perme-
ability can be determined based on the strain-dependent behavior.

3. Materials and methods

3.1. Specimen preparation

Porcine knee meniscus samples were obtained from a frozen
tissue bank (Animal Technologies, Tyler, Texas). They were
extracted from the knees of healthy pigs (approximately 100 kg,
20–25 weeks old, male and female). A total of 30 menisci were har-
vested from 15 knees. Cylindrical samples were excised in the axial
central (AC), axial horn (AH), and circumferential central (CC) sec-
tions of both the medial and lateral components, n = 15 for each
group (6 groups = 3 locations/directions � 2 components), see
Fig. 1. Each specimen was cut to a diameter of 6 mm and a thick-
ness of approximately 1 mm using a corneal trephine punch
(Biomedical Research Instruments, Inc., Malden, MA) and sledge
microtome (Model SM2400, Leica Instruments, Nussloch, Ger-
many) with freezing stage (Model BFS-30, Physitemp Instruments,
Inc., Clifton, NJ). The height of the specimens was measured using a
custom current-sensing micrometer that works by using a capaci-
tive sensor to read the height of the tissue to the nearest 0.001 mm.
Each specimen was tested under static compressive strains varying
from 10 to 20% (i.e., compressed to a final height of 0.9 mm). Each
group had 15 samples, for a total of 90 specimens.

3.2. Water volume fraction measurement

The water volume fraction of undeformed specimens was mea-
sured using a buoyancy method (Gu et al., 1996; 1997). The weight
of the specimen in air, Wwet , and in phosphate buffered saline
(PBS), WPBS, were measured using a density determination kit of
an analytical balance (Model ML104, Mettler Toledo, Columbus,
OH) prior to experimentation. Following permeability measure-
ments, specimens were lyophilized and the weight of the dry spec-
imen, Wdry, was measured. The volume fraction of water, /w

o , of the
specimens was then calculated by:

/w
o ¼ Wwet �Wdry

Wwet �WPBS

qPBS

qH2O
; ð6Þ

where qPBS and qH2O are the mass densities of PBS and water,
respectively. The volume fraction of water in the compressed tissue
(/w) can then be estimated based on the tissue dilatation, e (Lai
et al., 1991):

/w ¼ /w
o þ e
1þ e

; ð7Þ

wherein, for one-dimensional confined compression, the relative
volume change is related to deformation by eð¼ J � 1Þ where J is
the ratio of the current tissue volume to the undeformed tissue vol-
ume (Jackson et al., 2008; Lai et al., 1991). The dilatation is thus
equal to the compressive strain (e.g., for 10% compressive strain,
e ¼ �0:1).

3.3. Measurement of hydraulic permeability

A custom-designed chamber was 3D printed using a Stratasys
3D Printer to be used in the hydraulic permeability experiments,
see Fig. 2. The custom chamber was used to measure hydraulic per-
meability via a 1-D direct permeation test by simultaneously
applying a fluid flow across the sample and measuring the result-
ing fluid pressure difference. The chamber set up included two
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