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Abstract
Aging and degeneration of the intervertebral disk are accompanied by decreases in water and
proteoglycan contents, and structural alterations. The aim of this study was to determine the
impact of compositional changes on the material properties of intervertebral disk tissues. Confined
compression stress-relaxation experiments were applied to bovine caudal annulus fibrosus and
nucleus pulposus tissue specimens that were separated into three experimental groups: in situ,
free-swelling control (PBS), and digestion (chondroitinase-ABC).Measurements of
glycosaminoglycan (GAG) and water content, as well as nonlinear finite deformation biphasic
theory and multiple linear regression analyses were performed. The compressive modulus HA0
and permeability k0 of in situ specimens were 0.37±0.06 MPa and 0.49±0.08×10−15 m4 N−1 s−1

for nucleus, and 0.74±0.13 MPa and 0.42±0.05×10−15 m4 N−1 s−1 for annulus, respectively. There
was a larger effect of swelling and digestion on the material properties and biochemical
composition of nucleus pulposus than for annulus fibrosus. Alterations in proteoglycan and water
content affected the compressive modulus and permeability, although the permeability was
somewhat more strongly affected by water content than by proteoglycan content. Correlation
coefficients r≤0.75 for the multiple regression indicated water and GAG content can moderately
predict material properties, however other compositional and structural factors must be
considered.
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INTRODUCTION
The intervertebral disk consists of two clearly distinct regions, the annulus fibrosus rich in
collagen, and the nucleus pulposus rich in proteoglycans. Collagen represents about 15–20%
of the nucleus- and 65–70% of the annulus-dry weight whereas proteoglycans represent
approximately 50% of the nucleus- and 10–20% of the annulus-dry weight.2,6,7,12,21 As
intervertebral disks degenerate, the nucleus becomes more consolidated and fibrous, and is
less clearly demarcated from the annulus. With more advanced degeneration, focal defects
appear and there is a decrease in the number of layers of the annulus with an increase in the
thickness and spacing of the collagen fibers.9,28 Compositionally, degeneration results in a
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decrease in proteoglycan and water content in both annulus and nucleus, whereas the
collagen content remains relatively constant in the nucleus and decreases in the annulus with
a change in the distribution of types I and II collagen.2,6,7,21,25,26 Understanding the
relationship between composition and material properties of disk tissue is a priority.

The intervertebral disk tissuemay be considered a biphasic material with a porous,
permeable, and fiber-reinforced solid phase, and a fluid phase of water mixed with ions. It is
the composition and structure of the solid matrix that is responsible for providing the
compressive, tensile, and shear properties of disk tissue. The dramatic changes in
composition and structure that occur in the intervertebral disk with aging and degeneration
are accompanied by specific changes in material properties including an alteration of the
compressive modulus,18 hydraulic permeability, 14 and tensile properties of the annulus,1

and an alteration of the elastic modulus,29 shear modulus,19 and swelling pressure4,16 of the
nucleus. It is a goal of this study to evaluate the correlation between disk composition and
material properties by first measuring the compressive modulus and hydraulic permeability
of normal annulus and nucleus tissue and then comparing it to tissue with altered water and
glycosaminoglycan (GAG) contents.

Evaluating the role of composition in defining the material properties will improve our
understanding of how compositional and structural alterations with degeneration affect load
carriage mechanisms in the intervertebral disk. The biomechanical response of annulus
fibrosus to in vitro compressive loading has been described with some attention to structure–
function relationships,5,18,20,30 however multiple regressions between material properties,
water, and proteoglycan content that include mechanical characterization of nucleus
pulposus in confined compression have not been previously reported.

We hypothesized that both annulus and nucleus tissue subjected to free-swelling and
enzymatic digestion would alter the water and GAG composition of the disk resulting in
measurable changes in tissue mechanical properties. Furthermore, we hypothesized that
significant correlations exist between the biochemical properties and the biomechanical
properties for both nucleus and annulus tissue. Thus, the first aim of this study was to
determine the effects of free-swelling and proteoglycan digestion on the compressive
modulus, hydraulic permeability, and water and proteoglycan-content of both nucleus and
annulus tissue. The second aim of this study was to assess the correlation between the
biochemical and material properties in order to evaluate the predictability of mechanical
properties from biochemical composition.

MATERIALS AND METHODS
Bovine (~2–4 years old) tails (n=15) were obtained from an abattoir within 4 h of death, and
caudal disks (levels C2–3 and C3–4, approximately 20–25 mm in diameter) were dissected.
Bovine caudal disks were used because they have been demonstrated to have similar
composition, resting stress, and height to diameter ratio as human lumbar disks.10,24

Annulus and nucleus samples were harvested with a scalpel, frozen at −80°C and
microtomed to approximately 1.5 mm thickness. Annulus specimens were obtained in the
radial direction from the outermost layers of annulus in order to control for the previously
reported radial variation in material properties while nucleus specimens were obtained in the
axial direction from the center of the disk. Both nucleus and annulus tissues were separated
into three experimental groups: in-situ, free-swelling control, and digestion. In-situ
specimens were stored at −80°C until the day of testing. Digestion samples were digested in
0.125 units/ml chondroitinase ABC (Sigma, St. Louis, MO) solution in Dubelcco’s
phosphate-buffered saline (PBS) under slight agitation (pH=8.0 for 24 h at 25°C).
Chondroitinase ABC specifically degrades glycosaminoglycans found on proteoglycans,
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namely the chondroitin and dermatan sulfate chains, and its catabolic effects on the nucleus
were previously evaluated.26,27 Free-swelling control samples were submerged in PBS and
allowed to swell for 1 h at 25°C in order to control for the change in water content that
occurs in the digestion group. Pilot studies indicated there was no difference in water
content between specimens that swelled for 1 h vs. 24 h. Consequently, a 1 h swelling
protocol was chosen to minimize potential GAG leaching with time and therefore maximize
differences in GAG content between free-swelling and digestion groups. Free-swelling and
digestion samples were stored at −80°C until the day of testing. The 30 annulus and 30
nucleus specimens (n=10 per group) were microtomed again to ~1.5 mm thickness for AF
and 1.3 mm thickness for NP. This difference between AF and NP samples is because more
tissue needed to be removed to obtain parallel surfaces for the NP samples. On the day of
testing, a cylindrical test sample was obtained using a 5 mm biopsy punch, weighed (for wet
weight), and placed in the cylindrical chamber for the confined compression stress-
relaxation experiment. In addition, a similar- sized piece of adjacent tissue was taken for
biochemical assays.

The confined compression apparatus was composed of a lower nonporous chamber and an
upper rigid and porous platen of sintered steel. The upper platen was connected in series to a
load cell and operated under displacement control using a testing machine (ELF-3200,
Enduratec, Minnetonka, MN). After the tissue sample was placed in the chamber, the upper
platen was lowered until a stable force of 0.1 N was recorded, indicating that the platen was
in contact with the top of the specimen. The tissue thickness was deduced from the
displacement at this 0.1 N force and used for all subsequent strain calculations (1.52±0.05
mm for the annulus, 1.32±0.08 mm for the nucleus). PBS solution was then added to the
chamber, and the tissue was left under constant displacement until force equilibrium was
reached (for 3600–4000 s). The equilibrium swelling force was used to calculate a swelling
pressure, by dividing by cross-sectional area, and was then subtracted from subsequent force
measurements taken during stress relaxation tests. Four successive stress-relaxation tests
were applied using 5% strain increments. The dwell periods ranged from 400 to 6000 s
depending on the experimental group and the strain level, and were chosen based on the
time to reach stress-relaxation equilibrium in pilot experiments. The strain rate was 0.0001
s−1 for all the annulus groups and the in situ nucleus group, and 0.001 s−1 for the free-
swelling control and digestion nucleus groups. No significant effects of strain rate (0.0001
s−1 vs. 0.001 s−1) were detected for compressive modulus (p=0.94, t-test) or hydraulic
permeability (p=0.59, t-test) for nucleus tissue in extensive preliminary tests. The higher
strain rate was used to increase the magnitude of the transient stress response for the free-
swelling and digestion nucleus specimens. The 5% strain increments provided peak and
equilibrium stresses that were large magnitudes to insure good sensitivity for parameters’
estimation using the chosen nonlinear mathematical model while also being consistent with
disk height losses reported in the literature.23

The biphasic model3,17,22 with nonlinear elasticity and strain-dependent permeability was
used to fit the stress-relaxation data using methods previously described.3,18 This model
assumes a porous and permeable solid matrix saturated with inviscid interstitial fluid, and
viscoelastic effects are attributed to momentum exchange between the solid and fluid phases
due to frictional drag. The parameters describing the elastic behavior of the solid matrix
(zero-strain compressive modulus HA0 and nonlinear stiffening coefficient β) were
determined by nonlinear curve fit of Eq. (1) to the equilibrium stress–stretch data. Stress (σ)
was calculated from the recorded force divided by the cross-sectional area of the specimen.
Stretch (λ) was calculated as the deformed specimen height divided by its original height.
Using the determined values of HA0 and β, the parameters describing the hydraulic
permeability (zero-strain permeability k0 and nondimensional nonlinear permeability
coefficient M, Eq. (2)), were determined by nonlinear curve fit of the numerical solution for
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Eq. (3) to the experimental stress-relaxation data (Fig. 1). This two-step curve fit was
insensitive to a wide range of initial guesses and we are confident that we obtained a unique
set of physiologically relevant material parameters with our methods. However, some
imprecisions in the curve-fitting procedure due to relatively low sensitivity of the stress-
relaxation and creep behaviors to large variations of M in the permeability function were
previously noted.3 All numerical calculations were performed using custom code written in
MATLAB (Mathworks, Natick, MA).

(1)

(2)

(3)

where σe is the equilibrium stress, λ is the stretch, and ϕ0 is the initial solid volume ratio.

Adjacent tissue from specimens in the in-situ, free-swelling control, and digested groups
was lyophilized to obtain dry weight, and the water content was determined as the difference
between the wet and dry tissue weights. The dry tissue was assayed for total sulfated
glycosaminoglycans (GAG, µg GAG/mg dry tissue) as a measure of proteoglycan content
using the dimethylmethylene blue dye binding colorimetric assay.13 For the correlation
analysis, it was important to measure biochemical content on adjacent tissue rather than test
specimens because adjacent tissue most closely represents the specimens’ initial GAG and
water contents which correspond most closely to the “zero-strain” material properties
evaluated in this study. The final (i.e., posttesting) biochemical compositions had decreased
water content due to compression and some leaching of GAG due to soaking in buffer.

Statistical tests were performed on the annulus fibrosus and nucleus pulposus separately.
One-way ANOVA was used to evaluate the effects of test condition (in situ, freeswelling
control, digestion) on the mechanical properties, followed by a Student’s t-test or Mann–
Whitney Rank sum tests (depending on the success or failure of the normality and equal
variance tests) to isolate the groups that significantly differed and to calculate the
corresponding p-values. Multiple linear regressions were performed with the mechanical
properties HA0 and k0 as the dependent variables and the water and GAG content as the
independent variables. The relative importance of one of the independent variables on the
dependent variables was evaluated by comparing both standardized coefficients β and the
corresponding p-values. All statistical tests were performed with SigmaStat (Jandel
Scientific, San Rafael, CA) and significance was considered for p≤0.05 with a power >0.8.
All data is expressed as Mean±SEM.

RESULTS
Swelling pressure for the in situ annulus and nucleus specimens were 0.05 ± 0.01 and 0.08 ±
0.01 MPa, respectively. The swelling pressures for all free-swelling control and digested
specimens were negligible. Annulus and nucleus specimens exhibited a stress-relaxation
response characteristic of most biological materials (Fig. 2). For all groups, the equilibrium
stress versus stretch relationship was nearly linear. During the constant displacement stages,
equilibrium was approached more rapidly for nucleus than annulus and for the digestion
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specimens compared to free swelling control and in situ specimens. The equilibrium and
peak stresses at 5, 10, 15, and 20% were greatest for the in situ followed by the free-swelling
and digestion groups.

The transient stress-relaxation response exhibited good agreement with the finite difference
solution of the biphasic model for all loading groups but was best for the in situ and free-
swelling groups. Specifically, the coefficient of determination R2 was 0.94 ± 0.016, 0.93 ±
0.013, and 0.87 ± 0.015 for the annulus, and 0.87±0.032, 0.86±0.027, and 0.76±0.046 for
the nucleus, for the in situ, free-swelling, and digestion groups, respectively.

The biochemical contents (water and GAG) and mechanical properties (compressive
modulus and hydraulic permeability) obtained for both annulus and nucleus from the three
groups are summarized in Fig. 3. For the annulus specimens, the experimental group (in situ,
free-swelling, and digestion) influenced both mechanical (p < 0.0001 for HA0 and k0) and
biochemical (p < 0.0001 for GAG, p = 0.02 for water) properties. For the nucleus
specimens, the experimental group also influenced both mechanical (p < 0.0001 for HA0 and
k0) and biochemical (p < 0.0001 for water and GAG) properties. For the annulus, the
nonlinear stiffening coefficient β was 0.02±0.02, 0.75±0.35, and 0.25±0.17, while the strain-
dependent permeability coefficient M was 2.38±0.89, 2.81±1.70, and 1.26 ± 0.55, for the in
situ, free-swelling, and digestion groups, respectively. For the nucleus, the nonlinear
stiffening coefficient β and strain-dependent permeability coefficient M were zero except for
the free-swelling group which had a value of M = 1.81 ± 0.36.

All regression analyses provide an adjusted R2 value as well as β and p values for each
coefficient (GAG and H2O) allowing for determination of relative predictive ability of the
equation as well as relative importance of the coefficients. Three primary findings were
made for both annulus and nucleus (Fig. 4, Eqs. (4–7)). First, water and GAG were

somewhat better at predicting HA0 than k0 as given by greater values for . Second, HA0
was predicted by both H2O and GAG since β and p-values were similar for H2O and GAG.
Third, k0 was somewhat more predicted by H2O than GAG since for H2O β was greater and
p < 0.01 whereas for GAG β was lower and p < 0.05.

Annulus:

(4)

(5)

Nucleus:
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(6)

(8)

with HA0 in MPa, k0 in * 10−15m4/Ns, H2O in %, and GAG in µg/mg dry weight.

DISCUSSION
Bovine annulus fibrosus and nucleus pulposus specimens were tested in confined
compression using stress-relaxation experiments. In situ, free-swelling, and digestion
experimental groups were used to investigate the relationship between water and
proteoglycan content, and disk material properties. Significant and specific effects of free-
swelling and enzymatic digestion on the material properties and biochemical composition
were detected, consistent with our first hypothesis. Significant correlations were detected
between biochemical and material properties consistent with our second hypothesis.
Specifically, the compressive modulus was inversely related to water content and directly
related to GAG content while the permeability was directly related to water content and
inversely related to GAG content. Groupwise comparisons and multiple linear regression
analyses demonstrated that both GAG and water content had large effects on the
compressive modulus while water content had a slightly larger impact on permeability than
GAG content for both annulus and nucleus tissue.

This is one of very few studies to report multiple regression results between mechanical
(dependent) and biochemical (independent) variables for either the annulus fibrosus or
nucleus pulposus, and we believe this technique is an effective way to define structure–
function relationships. However, there were some limitations to this study.

Values for R2 ≤ 0.6 for the multiple regression suggested that water and GAG content alone
can only moderately predict material properties and that additional compositional and
structural factors must be considered for more accurate material property determinations.

We assumed that the 0.1 N contact force caused negligible initial tissue compression. This
was justified by the measure of the tissue thickness with this contact force (1.52 ± 0.05 mm
for the annulus, 1.32 ± 0.08 mm for the nucleus), which corresponded to the thickness
measured with themicrotome when we prepared the tissue (≈1.5mm for the annulus, ≈1.3
mm for the nucleus). The application of the 0.1 N tare force is required to insure contact and
appropriate seating of the tissue in the chamber, yet the force and the hypothesis that the
samples are in a zero strain condition does represent a limitation to this experiment.

Biochemical data on the tested tissue indicated a small amount of GAG leached from the
tissue during the mechanical test. While this may introduce some errors in the measurements
of mechanical parameters, the effects are anticipated to be small. Furthermore, the analytical
model does account for alterations in water content due to volume changes under large strain
conditions, which does have a large effect but does not influence the curve-fit parameters.
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The finite difference approximation scheme for the solution of the finite deformation
biphasic theory with nonlinear elasticity and strain dependent permeability provided a good
fit to the experimental stress-relaxation behavior of bovine nucleus and annulus specimens.
However, the goodness of fit was the best for the in situ group, with a slightly higher error
for the digestion group. The digested groups had substantially lower steady-state stress
values than for the in situ groups but maintained relatively high peak stresses (particularly
for the annulus) and took a long time to reach steady state at each strain increment. Future
modifications to describe such behavior may involve the addition of intrinsic matrix
viscoelasticity, yet were not used in this study to maintain consistency in parameter
estimation across groups.

There is some evidence that interdigitation of cartilage tissue into the pores of the filters in
confined compression may underestimate the values for permeability.8 While it is possible
that our permeability calculation was affected by interdigitation, the relative comparisons
(between annulus and nucleus and between experimental groups) as well as our conclusions
would remain unchanged. In our study, the diameter of the confining wall and tare loading
conditions were optimized to give a tight fit for the annulus and nucleus specimens and no
discontinuities or initial jump in the measured force was observed upon loading. Moreover,
a low strain rate was used to decrease the friction between the tissue and the confining wall.
The durations of all tests were determined based on extensive pilot testing to determine
equilibrium times where there was less than 0.1 N change in force over 600 s. In some tests,
steady state force values were approached but not achieved, yet we anticipate this to be a
modest effect on material parameters which would not affect our conclusion due to the large
effects measured in this study.

In this study, we focused on digestion and measurement of GAG because of the large loss of
proteoglycan reported with degeneration, and we used chondroitinase ABC digestion
because of its specificity for glycosaminoglycans. However, in order to achieve adequate
GAG depletion, specimens had to be soaked (unconfined) in the enzyme bath. This “free
swelling” digestion resulted in an increase in water content and therefore the second control
group (free-swelling control) was included to help differentiate the effect of GAG depletion
from the accompanying change in water content despite the fact that the increase in water
content is not consistent with decreases in water content observed with human disk
degeneration. In our study, we felt it was important to correlate the in situ water content with
the zero-strain compressive modulus and permeability values to arrive at a relationship
between material constants at our chosen reference configurations with their reference
composition rather than to define relationships between porosity and permeability with
tissue strain which has been well-described for soft-tissues in the literature.15 The 10-fold
decrease in HA0 and 5-fold increase in k0 observed in this study were consistent with 4-fold
decrease and 2-fold increase reported in trypsin-treated porcine annulus tissue.30 The
difference in the magnitude of the changes may be due to a larger amount of GAG depleted
by chondroitinase ABC digestion than by trypsin treatment, and also to the initial tissue
compression used (40% for Yao et al., 2002; 0% in our study). Our results also agree with
Best et al.,5 who found significant correlation between compressive modulus and water
content (r= −0.5, p < 0.002) for human annulus fibrosus.

The nucleus pulposus had lower values of compressive modulus and higher values of
permeability than the annulus fibrosus, consistent with the trends for water content, but in
contrast to the trends with GAG content. This observation supported our finding that water
content was generally a stronger determinant of material properties than GAG. The relative
lack of nonlinearities in nucleus pulposus tissue as compared to annulus fibrosus and hyaline
cartilage is notable. The relatively high proteoglycan content and low collagen content of
nucleus tissue may suggest that material nonlinearities are associated with tissues with more
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organized collagenous networks, even when loaded in confined compression where strains
are purely compressive.

While bovine caudal disks are considered a good model for the study of intervertebral disks
due to their relatively large aspect ratio,24 some differences in biomechanical properties
between lumbar and caudal levels has been reported in rodent models.11 The large range in
water and GAG content used in this study, along with the finite deformation test provided an
understanding of disk mechanical behaviors beyond the physiological range which is
interesting in the context of tissue engineering constructs that often have greater water and
lower proteoglycan contents than native tissue.

CONCLUSION
Confined compression stress-relaxation experiments and a finite deformation biphasic
theory allowed us to evaluate the effects of GAG depletion and swelling on the mechanical
properties of nucleus pulposus and annulus fibrosus tissues. This was also the first
systematic series of studies on the influence of water and proteoglycan contents on nucleus
pulposus tissue properties. We concluded that changes in both water and GAG content
affected the compressive modulus and permeability, although alterations in water content
appeared to have a greater influence on the permeability of disk tissue. The values of R2

≤0.6 for multiple linear regressions demonstrated a moderate predictive ability of
compressive modulus and permeability from water and GAG contents alone, but also
underscored the need for additional biochemical and structural properties to more accurately
predict these biomechanical parameters. It is hoped that improved understanding of the
relationship between mechanical properties and parameters such as GAG and water content
is an initial step in being able to evaluate structural and mechanical integrity of the
intervertebral disk from in-vivo disk composition measured using noninvasive techniques
such as MRI.
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Figure 1.
Experimental setup for the mechanical test.
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Figure 2.
Transient stress relaxation response for in-situ (is), control free-swelling (fs), and digested
(dg) annulus (AF) and nucleus (NP) groups. A curve fit between experimental data (dotted
line) and the numerical solution (solid line) of Eq. (3) was used to find the hydraulic
permeability k0 and the strain dependent permeability parameter M.
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Figure 3.
Mean ± SEM water content (%), GAG content (µg/mg dry weight), compressive modulus
(MPa), and hydraulic permeability (*10−15m4N−1s−1) for the in-situ (is), control free-
swelling (fs), and digestion (dg) groups for both annulus (AF) and nucleus (NP). Significant
differences between the experimental groups were indicated by *p < 0.05 or **p < 0.0001.
Annulus and nucleus groups were not compared.
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Figure 4.
Results of the multiple regression analysis for the annulus fibrosus (a) and nucleus pulposus
(b) with HA0 (MPa) and k0(*10−15m4N−1s−1) expressed as a function of GAG (µg/mg dry
weight) and H2O (%) contents. Equations (4)–(7) refer to these graphs.
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