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Abstract The annulus fibrosus (AF) of the disk is a highly
nonlinear and anisotropic material that undergoes a complex
combination of loads in multiple orientations. The tensile
mechanical behavior of AF in the lamellar plane is dominated
by collagen fibers and has been accurately modeled using
exponential functions. On the other hand, AF mechanics per-
pendicular to the lamella, in the radial direction, depend on
the properties of the ground matrix with little to no fiber con-
tribution. The ground matrix is mainly composed of proteo-
glycans (PG), which are negatively charged macromolecules
that maintain the tissue hydration via osmotic pressure. The
mechanical response of the ground matrix can be divided in
the contribution of osmotic pressure and an elastic solid part
known as extra-fibrillar matrix (EFM). Mechanical proper-
ties of the ground matrix have been measured using tensile
and confined compression tests. However, EFM mechanics
have not been measured directly. The objective of this study
was to measure AF nonlinear mechanics of the EFM in ten-
sion and compression. To accomplish this, a combination of
osmotic swelling and confined compression in disk radial
direction, perpendicular to the lamella, was used. For this
type of analysis, it was necessary to define a stress-free ref-
erence configuration. Thus, a brief analysis on residual stress
in the disk and a procedure to estimate the reference con-
figuration are presented. The proposed method was able to
predict similar swelling deformations when using different
loading protocols and models for the EFM, demonstrating
its robustness. The stress—stretch curve of the EFM was lin-
ear in the range 0.9 < A3 < 1.3 with an aggregate modulus
of 10.18 & 3.32kPa; however, a significant nonlinearity was
observed for compression below 0.8. The contribution of the
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EFM to the total aggregate modulus of the AF decreased from
70 to 30% for an applied compression of 50% of the initial
thickness. The properties obtained in this study are essen-
tial for constitutive and finite element models of the AF and
disk and can be applied to differentiate between functional
degeneration effects such as PG loss and stiffening due to
cross-linking.
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1 Introduction

Back pain is a major public health problem, which is often
related to intervertebral disk degeneration. Under physiolog-
ical loads, the disk is subjected to a complex combination of
loads including bending, torsion and axial compression. This
complicated loading environment is supported by the inter-
action between components of the disk, i.e., annulus fibrosus
(AF), nucleus pulposus and the end plates. Understanding
the mechanical behavior of the disk is extremely important
to design treatment strategies to restore normal function of
degenerate disks. The AF has a very specialized structure
that undergoes large and multidirectional loading. It is com-
posed of concentric lamellae of collagen fibers embedded in
a network of proteoglycans and minor proteins sometimes
referred to as ground matrix. The tensile behavior of the AF,
parallel to the lamellae, is highly nonlinear and has been suc-
cessfully described using polynomial and exponential func-
tions (Elliott and Setton 2000, 2001; Wagner and Lotz 2004,
Ambard and Cherblanc 2009; O’Connell et al. 2009; Eber-
lein et al. 2001; Klish and Lotz 1999; Guo et al. 2006). On the
other hand, AF mechanics perpendicular to the lamellae, in
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the radial direction, depend on the properties of the ground
matrix with little fiber contribution. The ground matrix is
mainly composed of proteoglycans (PGs), which form a net-
work of interconnected negatively charged macromolecules.
The amount negative charge in the tissue is quantified by the
fixed charge density. PGs create an imbalance of ion concen-
tration between the tissue and the surrounding fluid, which
results in an increased hydration due to osmotic pressure.
Thus, the mechanical response of the ground matrix can be
divided in the contribution of osmotic pressure and an elastic
solid partknown as extra-fibrillar matrix (EFM). The mechan-
ical properties of the ground matrix have been measured either
intension orin compression (Perie etal. 2006; O’ Connell etal.
2009). However, tension tests in the radial direction may not
isolate completely the contribution of fibers due to fiber reori-
entation in the direction of loading (Lake et al. 2011). Addi-
tionally, the size of the sample for tension tests spans from
outer to inner AF; therefore, the measured properties are an
average of these heterogeneous regions.

Sophisticated models such as biphasic, triphasic and quad-
riphasic (Mow et al. 1980; Lai et al. 1991; Huyghe and
Janssen 1997) have been used to model the intervertebral disk
(Magnier et al. 2009; Yao and Gu 2007; Sun and Leong 2004;
Ehlers et al. 2009; Schroeder et al. 2008). Multiphasic mix-
ture models are of particular interest because they describe
the time-dependent mechanical behavior of individual struc-
ture components and their interactions in a convenient con-
tinuous formulation. At equilibrium, these models reduce
to simpler elastic formulations. For instance, the triphasic
model reduces to the contribution of the solid components
of the tissue and osmotic pressure (Ateshian et al. 2004).
Similarly, the AF at equilibrium can be modeled as the sum
of fibers, extra-fibrillar matrix (EFM) and osmotic pressure
(Ehlers et al. 2009; Sun and Leong 2004). The osmotic effects
have been well characterized experimentally for several tis-
sues and the relation between the osmotic pressure, fixed
charge density and volumetric deformations is well defined
(Overbeek 1956). Although the mechanics of the fibers and
osmotic effects are well understood, the mechanics of the
EFM has received little attention. In fact, the mechanical
properties of the EFM have not been directly measured, and in
most studies, these properties have been estimated or approx-
imated.

The objective of this study was to measure the mechan-
ics of the EFM of bovine AF in tension and compression.
To this end, a combination of osmotic swelling and con-
fined compression was used to isolate the contribution of the
fibers, the osmotic pressure and the EFM. Confined com-
pression was applied perpendicular to the fibers to minimize
fiber stretching during the mechanical test. To induce ten-
sile deformations in the EFM, the samples were immersed in
saline solutions with several concentrations to produce dif-
ferent levels of swelling. Then, mechanical properties of the
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EFM were measured by applying multiple steps of confined
compression to probe the EFM along the transition from ten-
sile to compressive deformations. An analytical method was
developed to calculate swelling deformations and stresses
in the EFM from a stress-free reference configuration. The
results from this study will provide insight into the mechanics
of the AF, as well as a robust method to calculate mechanical
properties of the EFM that can be used as input parameters
for multiphasic models and structural finite element models.

2 Analytical formulation

This section presents the formulation and discusses the
assumptions of the model used to describe the mechanics
of the AF. First, the relation between AF composition, fixed
charge density and osmotic pressure is presented. Then, the
contribution of applied and residual stress to the total stress
of AF is discussed. Finally, a method to estimate the refer-
ence configuration and the swelling stretches and stresses is
described.

2.1 Osmotic pressure

The AF is mainly composed of collagen fibers, proteogly-
cans and water. Proteoglycans are large molecules composed
of many glycosaminoglycans attached to a long core pro-
tein. Glycosaminoglycans are chains of polysaccharides that
in physiological pH and ionic strength present an excess of
negatively charged ions (Comper and Laurent 1978). Due to
their large size, proteoglycans are trapped in the network of
collagen fibers. Therefore, collagen and PGs form a charged,
porous, deformable solid embedded in a solution of water and
ions (Urban and Maroudas 1981). The amount of negative
charges attached to the solid are quantified by the fixed charge
density. At equilibrium, the balance of chemical potentials
results in an increase in osmotic pressure (p), which is a
function of the fixed charge density and the ionic strength
of the surrounding fluid (Overbeek 1956). Assuming ideal
solutions for the interstitial fluid and external solution, the
osmotic pressure can be expressed as:

p=RT (,/cfb +4cd — 2cb) (1

where R is the universal gas constant, 7 is the absolute tem-
perature, cg. is the fixed charge density and c}, is osmolarity
of the surrounding fluid.

The osmotic pressure and the external applied forces result
in deformation of the solid component of the AF, which in
turn alters the fixed charge density (cf.). That change can be
quantified by
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where cfeo and d)? are the fixed charge density and the water
content, respectively, at the reference configuration and J
is the ratio between the volume at the deformed and refer-
ence configuration. Thus, the reference configuration, usu-
ally defined as the configuration where stresses in the EFM
are zero, plays an important role in the calculation of the
osmotic pressure. In the absence of external loading, the
osmotic pressure produces a stretching of the EFM until
equilibrium is reached between the osmotic pressure and
the induced stresses in EFM. Those stresses induced by the
osmotic pressure are commonly known as residual stress.
However, osmotic pressure is not the only source of residual
stress. The analysis of residual stress in this study is impor-
tant, since a stress-free reference configuration must be con-
sidered to calculate the osmotic pressure and deformations
and stresses of the EFM. A brief review of potential sources
of residual stress in the intervertebral disk is presented below.

2.2 Residual stress

Residual stress is the internal stresses present in the tissue
after external loads are removed. When the external loads
are applied to the tissue, additional stress builds up from
the already existent residual stress. As described by Lanir
(2009), there are several mechanisms at different scales con-
tributing to residual stress. At the micro-level, the interaction
between proteoglycans, ions, water and the collagen network,
as described above, produces an osmotic pressure that con-
tributes to the total stress of the tissue. The osmotic pressure is
present even when no loads are applied to the disk and is con-
sidered a major contributor to the residual stress. Cell division
and deposition of extracellular matrix on an already stressed
substrate may also contribute to residual stress at the micro-
level (Ateshian et al. 2009; Ateshian and Ricken 2010). At
the meso-level, residual stress comes from the inhomoge-
neities within the tissues, e.g., the gradient of proteoglycan
and collagen content from inner and outer annulus. Resid-
ual stress at meso-level has been recently shown by measur-
ing the opening angle after a radial cut in bovine AF rings
(Gardner-Morse et al. 2011). This effect is similar to that
observed in aortic arteries, where differences in proteogly-
can content between the media and the adventia contribute to
this component of the residual stress (Chuong and Fung 1986;
Azeloglu et al. 2008). At the disk level, residual stress is also
generated by the interaction between different sub-structures
(nucleus pulposus, AF, endplates and vertebral bodies). The
high proteoglycan content, and therefore fixed charge den-
sity, of the nucleus pulposus results in a significant osmotic
pressure. The expansion of the nucleus is constrained by the
AF, endplates and vertebral bodies. The radial expansion of
the nucleus is constrained by the AF through tensile stresses
in the circumferential direction (hoop stress) and compres-
sion stress in the radial direction. Similarly, the pressure in

the nucleus tends to vertically separate the vertebral bodies,
which are hold in place by tensile stresses in the AF in the
axial direction. All these contributions to the residual stress
of the AF create a complex initial state of stresses and strains
that must be considered for the accurate description and anal-
ysis of intact disk mechanics.

A stress-free reference configuration must be considered
to measure elastic response and properties of the EFM. Due
to the orientation and size of the samples used in this study
(described below), the samples may be considered free from
residual stress caused by meso- and disk-level mechanisms.
The contribution of residual stress caused by cell division
and deposition of extracellular matrix for the AF has not
been characterized experimentally; however, it can be consid-
ered as an effect relevant to a remodeling process and hence
unlikely to change during mechanical test or alter the out-
comes of the analysis in this study. Therefore, osmotic pres-
sure is the major contributor to residual stress. In this study,
osmotic pressure and its associated deformation (swelling)
are used to induce tensile deformations and stresses in the
EFM. The concept of using osmotic swelling as a loading
mechanism has been used to measure mechanical properties
of other connective tissues (Basser et al. 1998; Narmoneva
et al. 2001; Chahine et al. 2004).

The total (applied) Cauchy stresses the tissue (o) is the
addition of the stresses in the EFM (o), the fibers (o)
and the osmotic pressure

o =0"™ 4o _ p1 A3)

It can be observed that in the absence of applied stresses
(o = 0), the residual stress developed in the solid part of the
tissue is equal to the osmotic pressure

o™ 1 o™ = pI 4)

The elastic deformations associated with these residual
stresses, osmotic swelling, can be calculated through the con-

stitutive equation
qwiy
+ -F 5)
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J
where F is the deformation gradient, E the Lagrangian strain
tensor, and WEFM and W' are the strain energy functions
of the EFM and the fibers, respectively. Notice that F, E,
J, WEFM and Wt gre calculated from a stress-free reference
configuration. In the same way, the fixed charge density and
the osmotic pressure (Egs. 1 and 2) are calculated from same
the reference configuration. Theoretically, a stress-free refer-
ence configuration can be obtained by removing the osmotic
effects, e.g., by soaking the sample in a bath with a high
salt concentration. However, in pilot studies (not shown), it
was very difficult to apply confined compression on the same
sample after changing the concentration of NaCl of the bath
from 0.15 or 0.06 to 2M because small inhomogeneities in
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Fig. 1 Coordinate system used. Directions 1, 2 and 3 correspond to
disk circumferential, axial and radial orientations, respectively

the sample thickness caused unreliable measurements of the
subsequent applied stress. Therefore, in this study, only one
sample per bath concentration was used, i.e., each sample
was swollen, prepared and tested in a single bath concen-
tration. A method to calculate the reference configuration
and swelling stretches is proposed based on the equilibrium
between osmotic pressure, applied stress and EFM stresses

(e.g., Eq. 3).

2.3 Reference configuration

In this section, a method to calculate swelling deformation
and the reference configuration is presented. As shown above,
the osmotic pressure and stresses in EFM are calculated from
the same reference configuration. Therefore, the aim of the
method is to calculate a reference configuration (or alterna-
tively swelling stretches) that satisfy equilibrium between the
EFM and applied stress and osmotic pressure at each of the
applied compression steps. As shown in Eqs. (1) and (2),
the osmotic pressure is function of cf, ¢, and J. ¢y, is the
known salt concentration in the bath and c¢.¢ can be measured
experimentally (explained below). Therefore, the osmotic
pressure is only a function of J. The applied Cauchy stress
was calculated by dividing the applied force by sample area.
The stresses of the fiber and EFM depend on the deforma-
tions calculated from a stress-free reference configuration. If
the normal vectors of the faces of a cubic sample are aligned
with the principal axis anisotropy, the swelling process can
be described by the principal stretches A1, A, and A3 (Fig. 1).
In this case, the volumetric deformations can be expressed
as J = A1A2A3. In this study, the EFM was considered as a
compressible Mooney—Rivlin material:

WERM — (1 = 3) 4 2 (I — 3)
+e3(J — 12 =2 (c1 + 2¢2) In(J) ©6)
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And an exponential model was considered for the fibers
(Holzapfel et al. 2000):

wb — 4 [ec5<14—1>2 4 etsUe=1? _ 2] : (7)
2cs
S = 4cs W™ {(Is — Dag @ ag + (Is — )b ® bo}  (7b)

where 14 and /¢ are the squared stretches along the two fami-
lies of fibers, ST is second Piola-Kirchhoff stress tensor, and
ag and by are unit vectors in the direction of the fibers in the
reference configuration. The fiber parameters c4 and c5 can
be obtained from tensile tests in the fiber direction. In this
study, the collagen fibers are assumed to be contained in the
1-2 plane. This is a reasonable assumption if the samples are
carefully dissected to have the cylindrical axis perpendicular
to the lamellae.

In the absence of applied stress, for a given set of EFM
parameters c1, ¢ and c3, itis easy to calculate the free-swell-
ing stretches A, )»gs and Ags that satisfy Eq. (4). To illustrate
this process, consider the hypothetical one-dimensional case
where A3 is the only stretch different from 1. For this case,
the volumetric deformation becomes J = A3. From Egs. (1)
and (2), it can be observed that cf. and the osmotic pressure
decreases as A3 increases. Conversely, the stress in the EFM,
U3EF M increases as a function of A3. This is true not only
for the chosen constitutive equation but for any constitutive
equation that satisfies convexity. Therefore, there is always a
stretch, AfS, where the osmotic pressure matches the stress in
the EFM (Fig. 2a). A similar procedure is used to obtain the
free-swelling stretches in the directions 1 and 2 )Ltf (and )ﬁ;).
Consequently, the only unknown parameters are the model
constants cq, ¢» and c3 of the EFM, which can be calculated
by curve-fitting the equilibrium stresses of a multistep con-
fined compression test.

When confined compression is applied perpendicular to
fibers after the initial free-swelling, the stretches Aﬁs and
kgs are kept constant since there is no lateral expansion.
A number of compression stretches ()\%, A%, e, A’;), mea-
sured from the swollen configuration ()\gs), are then applied
to the sample. Therefore, the stretches of the EFM, measured
from the reference configuration, are ké)\gs, k%kgs, coa A )Lgs.
The osmotic pressure and the stresses in the EFM can be cal-
culated from Egs. (1) and (5)—(6), respectively. It should be
noted that since the fibers are in the 1-2 plane, there is no
contribution of the fibers to the stress in the direction 3. From
Eq. (3), aresidue (A) between experimental stress measure-
ments and analytical predictions can be expressed as:

Acl = o} (Afs, A, AgAQS) —p (Afs, A, Agw\gS) —ol (8)

where 0§ is experimental applied stress for the nth compres-
sion ramp. The parameters cy, ¢ and c3 can be obtained by
minimizing the residue for all the applied ramps (Eq. 8). This
process is illustrated in Fig. 2b. First, for a given selection
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Fig. 2 Swelling stretches, in the direction x3, are estimated as the equi-
librium between osmotic pressure (p), applied stress (03) and EFM

stress (UEFM). aIn the free-swelling condition (in the absence of applied

stresses)‘, the EFM will stretch until the stress in the EFM matches the
osmotic pressure at Ag“. b If three compression ramps of 10% are applied
at each ramp, the EFM stretches are Ags, 0.9)»%‘, 0.8)\§S and O,7A§S. The
corresponding EFM stress can be calculated from the constitutive equa-
tion. The elastic parameters of the model for the EFM must be adjusted
to satisfy equilibrium between osmotic pressure, applied stress and EFM
stress. This equilibrium condition can be enforced by minimizing the
residue (Aa31, Ao32, ...) for all of the applied compression ramps. An
iterative process of calculating free-swelling stretches and residues in
the equilibrium condition can be performed until the equilibrium con-
dition is satisfied. Then, the properties of the EFM and the swelling
stretches (or reference configuration) are obtained

of parameters c1, ¢» and c3, the stretch kgs can be found. If
three ramps of 10% of the swollen thickness are applied,
EFM stretches in the direction 3 would be 0.9A§5, 0.8A£S and
0.7Ags. For each of these stretches, along with )\{S and Ags, the
residue between the experimental and predicted solid stress
can be calculated Aoj (in Fig. 2b). Then, the parameters
c1, ¢2 and c¢3 can be chosen to minimize the total residue.
The stiffness of the EFM can then be easily calculated from
the constitutive equation (Eq. 6). During the minimization
process, the parameters c1, ¢» and ¢z must be constrained to
result in a positive and convex energy function.

At a first glance, the procedure of estimating the reference
configuration and the swelling stretches may seem to depend
on the constitutive model used for the EFM. To evaluate this
dependence, the following constitutive equation (Holmes and
Mow 1990) was also considered

o
S — I_ge[al (I1=3)+a2(12=3)] 9)
3

where 8 = o1 + 203.

3 Experimental studies

Intervertebral disks (n = 8) were dissected from bovine tails,
wrapped in plastic and frozen at —24°C. On the day of test,
a sample parallel to the lamellae was microtomed down to
a thickness of 2.5mm in the radial direction (direction 3,
Fig. 1). Then, a plug (5 mm in diameter) was harvested using
a biopsy punch. The adjacent tissue was saved for glycos-
aminoglycan measurement. The annulus plug was allowed
to swell in a sterile NaCl solution of 0.15M and protease
inhibitors for 4h. After this swelling, the sample was mi-
crotomed again to approximately 1.5 mm in thickness, and a
4-mm plug was harvested using a biopsy punch. The thick-
ness was monitored in the confining chamber after applying a
preload of 0.01 N for a period of 2 h. No further swelling was
observed after removing the 4- mm plug of AF. After the pre-
load, 5 ramps of 10% of the swollen thickness were applied
at a rate of 0.005%/s followed by stress relaxation periods
of 166, 150, 200, 250 and 330 min, respectively. Relaxation
times were selected from pilot studies to reach at least 90%
of the equilibrium stress relaxation. This amount of applied
deformation was expected to produce to deformations in the
EFM in the range of £30%. To test the ability of the proposed
method to estimate the swelling deformations for different
bath concentrations and loading conditions, a second set of
experimental data, consisting of 21 samples from 7 disks
(n = 7) were tested in three different bath concentrations
(0.06, 0.15 and 2M). For this second set of tests, three com-
pression ramps of 5% swollen thickness were applied fol-
lowed by stress relaxation periods of 166, 200 and 250 min.

Tensile properties of the fibers were measured by tension
tests in the fiber direction using a protocol reported in a previ-
ous study (O’Connell et al. 2009). Briefly, square thin sam-
ples were dissected from four disks and microtomed to a
thickness of 1.5mm approximately. Then, a parallel-sided
tensile sample aligned with one fiber population was cut
using two parallel blades 3 mm apart. Final dimensions of
the cross-sectional area were measured using a laser-based
device. Each sample was lightly speckle-coated with black
enamel paint using an airbrush. Strains were calculated opti-
cally using digital images captured every 5 s and the commer-
cial software Vic2D (Correlated Solutions Inc., Columbia,
SC, USA). The test was performed in a PBS bath mounted
on an Instron 5542 (Instron, Norwood, MA, USA). After a
10-min preload of 0.1 N, the samples were preconditioned
for 20 cycles to 2% strain at a rate of 0.1%/s. Samples were
tested to failure at a strain rate of 0.1%/s. Parameters c4 and
cs were calculated by curve-fitting the stress-strain data to
Eq. (7b). Although the elastic parameters of the fibers are
measured before the reference configuration is calculated, a
minor effect of this assumption is expected since the swelling
of matrix in the direction of the fibers is small compared to
other directions due to the much higher stiffness of the fibers.
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The glycosaminoglycan content was measured, and fixed
charged density was calculated in the tested sample and the
adjacent tissue. To measure the water content in the refer-
ence configuration, the sample was immersed in a 2M NaCl
solution for 2h to measure wet weight. Then, the sample
was immersed back in a 0.15M solution for 2h to remove
the salt excess and dried in an oven at 65°C for 12h before
measuring the dry weight. The GAG content was measured
using a 1.9 DMMB assay with chondroitin-6-sulfate as the
standard. The fixed charge density was calculated from the
GAG content as (Chahine et al. 2004):

Ctc0 = ZesCGAG/ Mes (10)

where cgag is mg of GAG per ml of water, and Mcs and
Zcs are the molecular weight and number of charges per CS
disaccharide, respectively (Zcs = 2 charges/repeating unit;
Mcs = 513 g/repeating unit).

Once the fixed charge density was calculated, the stresses
in the EFM and the swelling stretches were calculated fol-
lowing the procedure presented in the previous section. The
stress—stretch curves for the EFM for the second set of exper-
iments were plotted by superimposing the data from the three
bath concentrations. From the stress—stretch data of the EFM,
the aggregate modulus was calculated as the ratio between
changes in stress and stretch. Similarly, the aggregate moduli
of the AF (including EFM and osmotic effects) were calcu-
lated using the measured stress and applied stretches. The
elastic contribution of the EFM to the modulus to the tis-
sue for a given applied stretch was calculated as the ratio
between the EFM and tissue aggregate modulus. The effect
of the applied stretch on the contribution of the EFM to
the tissue aggregate modulus was analyzed using a one-
way ANOVA. Comparisons of swelling stretches between
constitutive models and loading protocols were made using
a Wilcoxon signed rank test. Significance was defined as
p < 0.05.

4 Results

The GAG content of the tested samples was 4.06 +=2.29% of
dry weight, and the water content was 76.7+5.2%. The fixed
charge density of the tested samples was 0.046 + 0.009 M.
A comparison between tested samples and their adjacent
tissue showed no significant difference in the fixed charge
density. This indicates that GAG leaching was not signifi-
cant during the test. The parameters ¢4 and c5 of the fibers
were 2.46 + 3.06 MPa and 2.11 + 2.16, respectively. The
comparison of swelling stretches for the protocol with three
compression ramps of 5% each and three different bath con-
centrations (0.06, 0.15 and 2M) showed that the highest
deformation was obtained in direction perpendicular to fibers
(Ags) and the highest swelling stretches were obtained for
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EFM Free-Swelling Stretch

Fig. 3 Free-swelling stretch was highest in the direction 3 (radial, p <
0.001) and increased with a decrease in the osmolarity of the bath NaCl
solution (p = 0.004)

g
3
)

Mooney-Riviin
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Fig. 4 Comparison of the Mooney—Rivlin and Holmes-Mow models
for the EFM showed no difference between calculated swelling stretches
for a 0.15-M bath concentration

the 0.06 M bath solution (Fig. 3). The swelling stretch in
the circumferential direction was very small, as expected,
since the circumferential direction has the greatest stiff-
ness due to the fiber orientation. The comparison between
Mooney—Rivlin and Holmes-Mow constitutive models for
this protocol showed no significant difference between the
swelling stretches (Fig. 4). Additionally, the calculated swell-
ing stretches were not different for the two experimental com-
pression protocols (3 ramps of 5% each or 5 ramps of 10%
each) (Fig. 5). These observations demonstrate the robustness
of the proposed method. The model parameters for both mod-
els are shown in Table 1. It should be noted that the parameter
¢y for the Mooney—Rivlin model has a negative value. How-
ever, those values were within the limits of convexity of the
energy function (Eq. 6). Previous studies on modeling of the
mechanics of AF using the same model have also resulted in
negative values of ¢ (O’Connell et al. 2011, 2009).

Once the swelling stretches are calculated, and therefore
the reference configuration is determined, the EFM stretches
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Fig. 5 The calculated swelling stretch did not change significantly
when two different compression protocols were used: 5 ramps of 10%
each and 3 ramps of 5% each (p > 0.05). Both tests were performed
in a 0.15-M NaCl solution

and stresses were calculated. The stretch—stress curve and
the corresponding aggregate modulus for the EFM showed
a linear behavior in the stretch range of 0.9-1.3 with an
aggregate modulus of 10.18 £ 3.32kPa (Fig. 6a). A steep
increase in the aggregate modulus of the EFM was observed
for stretches below 0.8 (Fig. 6b). Comparing the aggregate
modulus of EFM and the total aggregate modulus of the AF
in the radial direction, it was found that the contribution of
the EFM to total modulus of the tissue was 70% for free-
swelling at 0.15 M bath concentration and decreased to 30%
when 50% compression was applied (Fig. 7).

5 Discussion

In this study, a method to determine the elastic properties
of the EFM in tension and compression was presented. This
method isolates the osmotic effects from the elastic contri-
bution of the EFM by calculating a stress-free reference con-
figuration. Separating the osmotic and elastic contributions
is important for the analysis of degeneration of the interver-
tebral disk. GAGs loss and protein cross-linking are two pro-
cesses of the degeneration cascade that alter the mechanics of
the disk tissues with opposing effects. In one hand, GAG loss
reduces the fixed charge density and consequently impairs
the capacity of tissue to support loads through osmotic pres-
sure. On the other hand, protein cross-linking increases the
tissue stiffness, which may increase the ability to carry loads.

The method presented here aims to uncouple these effects
to analyze them individually. In addition, multiphasic mod-
els of the AF also consider the osmotic and solid contribu-
tions separately. Although the osmotic effects have been well
characterized, the contribution of the EFM has received little
attention. Using this technique, the mechanics of the EFM
can be characterized experimentally.

Here, bovine AF was considered as a model for healthy
tissue. The GAG and water content, and therefore the fixed
change density, measured in this study were similar to those
of mildly degenerated human outer AF (Iatridis et al. 2007).
It was shown that the EFM exhibits a linear behavior in
the tension/compression stretch range 1.2 > A3 > 0.8. A
steep increase in the aggregate modulus was observed in
the compression range of 0.8 > A3 (Fig. 6). This observa-
tion suggests that for small tension and compression defor-
mations, around the reference configuration, linear models
can approximate the mechanics of the EFM. However, these
results also showed that for large compressive deformations,
the nonlinearity of the EFM must be considered.

It was found that the contribution of the EFM decreases
from approximately 70 to 30% when the stretch of the EFM
changed from 1.21 to 0.61. These results suggest that the
contribution of GAG (e.g., osmotic swelling) is small in ten-
sion and increases significantly when the EFM is in com-
pression. Notice that although the aggregate modulus of the
EFM is almost constant in the range 0.8 < A3 < 1.2 and
increases when A3 < 0.8 (Fig. 6b), its relative contribution to
the AF modulus reduces. This may seem contradictory; how-
ever, the contribution of the EFM decreases because osmotic
pressure increases at a much higher rate (i.e., it is more non-
linear) than the compressive stress in EFM. The contribution
of GAG to the mechanical behavior of AF has been investi-
gated previously (Perie et al. 2006). In that study, significant
differences were found for the aggregate between in-situ and
free-swelling configuration. A nonsignificant reduction of
approximately 30% was found between free-swelling and
GAG digested samples, which is in agreement with con-
tribution of the EFM obtained in this study. Additionally,
the differences between in situ and free-swelling properties
emphasize the importance on the selection of a proper ref-
erence configuration. A similar analysis on bovine nucleus
pulposus showed that the contribution of the solid part is
approximately 30% independent of the applied compres-
sion (Heneghan and Riches 2008). In that study, nonlinear

Table 1 Elastic parameters for

the Mooney—Rivlin and Model

Elastic parameter

Holmes-Mow models obtained
through the minimization of the

c1 (kPa)/ary (kPa)

c2 (kPa)/ozl Cc3 (kPa)/Olz

residue of the equilibrium
condition (Eq. 8)
Median and interquartile range

Mooney—Rivlin

Holmes-Mow

4.04 (3.77-8.39)
1.82 (1.02-4.71)

—1.82 (—1.09 to 3.08)
0.46 (0.33-0.64)

3.27 (2.64-7.34)
0.44 (0.11-0.61)
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Fig. 6 Mean (interquartile range) of a stress—stretch curve and b EFM
aggregate modulus for two loading protocols (5 ramps of 10% at 0.15M
and 3 ramps of 5% each at 0.15 and 2M) showed similar results
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Fig. 7 The contribution of the EFM aggregate modulus to the total AF
aggregate modulus decreased with compression (p < 0.05)

properties for the solid part of the nucleus pulposus were
also reported. However, a compression of 70% of the in-situ
thickness was applied, and the strains were not calculated
from a stress-free reference configuration. In human nucleus
pulposus, a significant correlation between aggregate mod-
ulus and GAG content has been reported (Johannessen and
Elliott 2005). In other tissues such as articular cartilage, it has

@ Springer

been shown that solid part of the tissue contributes to approx-
imately 40% of the tissue aggregate modulus (Canal-Guterl
etal. 2010). However, there are several important differences
that must be considered when comparing these results. First,
the fixed charge density of articular cartilage is higher than
AF. Additionally, in articular cartilage, fibers are oriented in
multiple directions including the direction where compres-
sion is applied. Therefore, residual stress in the fibers also
contributes to the compression stiffness of the solid part of
tissue (Nagel and Kelly 2010).

A method to estimate the stress-free reference config-
uration was proposed. This method allows estimating the
swelling stretches while satisfying the equilibrium between
osmotic pressure, applied stress and solid stress for each
of the applied compression ramps. A constitutive equation
was assumed for the EFM. However, it was shown that the
choice of a particular constitutive equation does not alter the
results of the predicted swelling stretches and the stretch—
stress curve of the solid part of AF. The only purpose of
assuming a constitutive equation for the EFM is to provide
a continuous, smooth function to connect the applied stress
and the free-swelling state while satisfying the condition that
0® = 0 when A; = A = A3 = 1. In addition of being insen-
sitive to the constitutive model used for EFM, the method also
predicted similar swelling deformations for different load-
ing protocols. Therefore, the method showed an exceptional
robustness, perhaps due to equilibrium principle upon which
it is based.

The comparison between bath concentrations showed
not only that different swelling stretches are obtained, as
expected, but also that the stretch—stress curves obtained from
each bath concentration form a continuous single stretch—
stress curve from tension to compression (Fig. 6a). These
results suggest that it is equivalent to measure different por-
tions of the stretch—stress curve by using different bath con-
centrations and small compression ramps or to cover the
whole range of deformation with a single bath concentration
and applying large compression strains. Another advantage
of the proposed method is that the small sample size (4 mm in
diameter and 1.5 mm in thickness) will allow testing multiple
samples and quantifying heterogeneous mechanical proper-
ties (e.g., inner vs. outer AF).

The concept of using osmotic pressure as a loading mech-
anism to evaluate mechanical properties has been used previ-
ously (Basser et al. 1998; Narmoneva et al. 2001; Flahiff et al.
2004; Tepic et al. 1983). An equilibrium condition similar to
that of Eq. (3) has been used to calculate the stresses in the
collagen network of articular cartilage (Basser et al. 1998);
the difference in the present work is that the osmotic loading
from calibrated polyethylene glycol solutions was used as
external load. In other studies, mechanical properties were
calculated in situ by measuring deformation due to osmotic
swelling using optical techniques (Narmoneva et al. 2001;
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Flahiff et al. 2004). In these studies, the reference configu-
ration was obtained after removing the osmotic pressure by
soaking the sample in a high salt concentration bath.

There are some limitations associated with this study.
First, a small preload was applied to the samples to ensure
full contact between the sample and the platen. This preload
may cause a small bias during the estimation of the free-
swelling configuration. However, due to the magnitude of
the measured modulus of the tissue, a small deformation is
expected after the application of this preload. Another limi-
tation is that long testing times are required to reach equilib-
rium, especially when large compression deformations are
applied. However, GAG leaching did not produce a signifi-
cant change in fixed charged density between adjacent tissue
and the sample after the test.

In summary, the mechanical properties of the EFM of the
AF were measured experimentally. A method to estimate a
stress-free reference configuration was proposed and applied
in this analysis. This method showed consistent result when
used for different bath concentrations and different test pro-
tocols. In the future, the effects of regional variations and
degeneration on the properties of EFM of human AF will
be addressed. The properties measured in this study are an
essential input for multiphasic models of the disk where all
displacements and stresses are calculated from a stress-free
configuration.
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