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Abstract

One of the primary age-related changes to collagenous tissues is the increased concentration of advanced glycation endproducts
(AGEs). Although AGEs have been shown to increase the mechanical stiffness of many tissues, their influence on the mechanical
properties of the annulus fibrosus has not been measured experimentally. In previous theoretical work, we hypothesized that the
mechanical influence of AGEs on the annulus could be represented in an additive strain energy function with a separate crosslinking
term, but the material coefficients associated with this term were not correlated with AGE concentration. In the current study, we
measured the tensile stress—strain response of the human annulus in the axial direction both before and after glycation with
methylglyoxal. Using nonlinear regression, the strain energy function was simultaneously applied to these new data and to data
from a wide range of experimental protocols reported in the literature to determine values for the material coefficients appearing in
the constitutive equation. Nonenzymatic collagen crosslinking induced a statistically significant change in annular material
properties. Furthermore, the concentration of AGEs correlated positively with the material coefficients found in the terms of the
strain energy function that we associate with collagen crosslinking. These data suggest that AGEs contribute to age-related disc
stiffening as well as validate the hypothesis that biochemical constituents can be related mathematically to tissue behavior. In the
future, this structurally guided constitutive relationship may provide further insight into the structure—function relationships of the
annulus fibrosus.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The complex biomechanical function of the annulus
fibrosus is facilitated by a composite architecture
composed of collagen fibers arranged in a series of
concentric layers called “lamellae”. Within a single
lamella, the collagen fibers are parallel and are oriented
approximately +60° from the vertical axis of the body
at the periphery of the disc; this angle decreases linearly
to +45° in the inner annulus (Cassidy et al., 1989;
Hukins, 1988; Marchand and Ahmed, 1990). The fibers
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in adjacent lamellae run in opposite directions, forming
a structure that is similar to an angle-ply composite. The
fibrillar collagen in the lamellae is imbedded in a ground
substance composed primarily of proteoglycans.

The human annulus fibrosus exhibits an increased
modulus in confined compression and a decreased
tensile strength with age-related degeneration (Acaroglu
et al., 1995; Fujita et al., 1997; Iatridis et al., 1998).
Although the molecular basis for these changes is
unknown, progressive glyco-oxidative damage to the
matrix, as measured by the accumulation of advanced
glycation end-products (AGEs), has been implicated in
the commonly observed degeneration and impaired
material function of the aging intervertebral disc
(Hormel and Eyre, 1991). In other collagenous tissues
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such as skin, cartilage, and artery (Chen et al., 2002;
Reihsner and Menzel, 1998; Verzijl et al., 2002;
Wolffenbuttel et al., 1998), increased levels of AGEs
have been shown to increase tissue stiffness, but the
effect of AGE accumulation on the mechanical proper-
ties of the annulus fibrosus has not been previously
studied.

AGEs comprise a diverse group of compounds that
arise from any of several pathways, including the
nonenzymatic glycation of lysine residues and oxidation
of fatty acids. AGEs accumulate over time in long-lived
proteins such as collagen (Reiser, 1998). Most AGEs
have intrinsic fluorescence and can be quantified by
measuring tissue fluorescence at the appropriate excita-
tion and emission wavelengths. Several AGEs have been
structurally and functionally characterized (Thorpe and
Baynes, 2003); tissue levels of these specific compounds,
such as pentosidine (Sell and Monnier, 1989) are
correlated with tissue levels of AGEs.

We hypothesize that the macromolecular structure of
the annulus, including the quantity and distribution of
AGE crosslinks, determines the tissue’s mechanical
properties. Our long-term goal is to develop a mathe-
matical model that links annular tissue architecture to
material properties and that clarifies structure—function
relationships in the intervertebral disc. We have
previously described an annular strain energy function
with separate terms representing specific tissue features
such as the matrix, the fibers, and the interactions
between constituents (Wagner and Lotz, 2004). One
advantage of this formulation is that macromolecular
constituents are associated with particular terms of the
strain energy function. This allows for the possibility
that biochemical measures can be correlated with
particular material parameters, and in doing so, provide
insight into mechanisms of tissue degeneration. For
example, the interactions term of this previous strain
energy function was designed specifically to model
collagen crosslinks within an annular lamella. However,
it was not previously determined whether the coefficients
of the interactions term correlate with the concentration
of AGEs.

The first objective of this study was to better
understand the effects of AGEs on the annular tensile
stiffness. To do so, we subjected annular tissue speci-
mens to mechanical tests both before and after they had
been incubated with methylglyoxal, a methylated
oxaldehyde intermediate found in vivo that rapidly
induces formation of AGEs in vitro (Anderson et al.,
1994; Reiser, 1998). The second objective was to validate
that the interactions terms of the annular strain energy
function accurately represent the mechanical effects of
collagen crosslinks. We modified our previously pro-
posed strain energy function by adding an additional
term and demonstrated that the mechanical changes due
to increased concentration of AGEs can be modeled by

increasing particular material coefficients that are
associated with interactions between the constituents.

2. Methods

Human lumbar spines were harvested at autopsy from
7 individuals aged 1649 years and stored frozen
(=20°C) until dissection. Tools consisting of two
parallel microtome blades fixed at a set distance apart
were used to produce rectangular specimens that were
2 mm thick, 5mm wide, and approximately 10 mm long
from the anteriorlateral portion of the L4/5, 1.3/4, and
L2/3 discs, with the longest dimension coinciding with
the axial direction (Fig. 1). Ten test specimens were
taken from 10 grade I and II (nondegenerate) discs
(Thompson et al., 1990). From four of the discs, a
second test specimen was taken from the contralateral
side and was used as a control (age range 27-49). Both
test and control specimens were subjected to mechanical
testing, however the control specimens were not
matched to their corresponding test specimen in the
subsequent analysis. Tissue that was directly adjacent to
the test and control specimens in the intact disc was
returned separately to the freezer for later biochemical
analysis.

In order to minimize swelling of the tissue during
testing, the specimens were soaked overnightina 0.15M
saline and protease inhibitors solution consisting of
I mM EDTA (DS), 1 mM EDTA (TS), 5mM benzama-
dine, 10mM NEM and 1mM PMSF. On the day of
testing, four loops of a continuous piece of undyed,
braided polyglactin 910 suture size 4-0 (1.5 metric)
(Ethicon, Piscataway, NJ) were sewn with a 24 mm
curved needle and were knotted into the ends of the

axis of spine

Fig. 1. A test specimen was harvested from the anterior-lateral region
of the non-degenerate intact human intervertebral disc, with the
longest dimension coinciding with the axial direction.
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specimen (Fig. 2). The integrity of the knots was ensured
with a drop of fast-drying cyanoacrylate glue, and the
glue was kept away from the tissue. Nine dots of black
tattoo ink (Basic K6, Superior Tattoo, Phoenix AZ)
were applied with the tip of a pin in the middle of the
specimen in a grid pattern (grid dimension approxi-
mately 2.5 x 2.5mm) and served as visual targets for the
strain measurements (Fig. 2).

The specimens were submerged in the physiologic
saline and protease inhibitors solution during testing.
The custom testing apparatus and software programs
that measure tissue stress and strain have been
previously described (Wagner and Lotz, 2004). After
the force transducer (251b Load Cell Model LCCA,
Omega Engineering, Stamford, CT) was zeroed without
the specimen in place, the tissue was loaded into the
testing apparatus. The tissue was preconditioned with 10
cycles of a 0.04 MPa tensile load at a strain rate of
approximately 0.002s~!. The specimen was returned to
zero applied load and the distances between the ink dots
were measured in this reference configuration for use in
the calculation of strain. The specimens were then tested
in tension to 0.2 MPa at a strain rate of 0.0001 s~ with
the forces and the strains recorded every 2s. Pilot
studies showed that the preconditioning regime led to
repeatable stress—strain results and that the test stress
limits were nondamaging. At the end of testing, speci-
mens were removed from the testing apparatus and
allowed to equilibrate for 1 h.

We conducted a pilot study to compare glucose-6-
phosphate and methylglyoxal, two glycation agents that
are both naturally found in vivo. We chose methyl-
glyoxal for this study because the glucose-6-phosphate
protocol took 4 to 8 times longer to achieve similar
levels of AGE concentration. The glycation protocol
consisted of incubating the test specimens at 37°C in a
solution of 200 mmol Tris/HCL, pH 8.8, containing
100 mmol methylglyoxal (Sigma Aldrich, St. Louis,
MO). After one week, test specimens were removed
from the glycation buffer and rinsed with PBS. More ink
was used to darken the strain measurement dots, if
necessary, and the above axial tension test protocol was

S

Fig. 2. Four loops of a continuous piece of undyed suture were sewn
and knotted into the ends of the specimen. Nine dots of tattoo ink were
applied with the tip of a pin in the middle of the specimen in a grid
pattern and served as visual targets for the strain measurements. The
orthonormal basis E;, E,, and E; is aligned with the anatomic radial,
circumferential, and axial directions, respectively.

repeated. Control specimens were incubated at 37 °C in
a sham solution consisting of 200 mmol Tris/HCL, pH
8.8, but without methylglyoxal. Control specimens were
also removed from the sham buffer after 1 week and the
mechanical test was repeated.

As a general description of the data, an exponential
curve of the form ¢ = (4/B)e5 — 1) (Fung, 1967;
Kenedi et al., 1965) was fit to the experimental
stress—strain data with a Levenberg—Marquardt algo-
rithm (Matlab 5.3, The Mathworks, Inc., Natick, MA),
where A (in MPa) is the modulus at the origin, and Bisa
dimensionless measure of nonlinearity. The Poisson’s
ratio for this uniaxial test was determined by plotting
the axial strain (the strain in the direction of applied
force) versus the circumferential strain (the strain
transverse to the applied force) and fitting a straight
line that passed through zero to the data; the Poisson’s
ratio that we reported was the negative of the calculated
slope. We used a paired Student’s t-test to determine
whether the coefficients 4 and B and the measured
Poisson’s ratio had changed with the glycation and
sham protocols; significance was set at p<0.05.

Because we wanted to estimate the mechanical
influence of the AGEs only, without the confounding
effect of the 1-week incubation that was seen in the
control specimens, we adjusted the observed data from
the glycated test specimens after incubation. To
accomplish this, we first calculated the percentage
change in stress due to the sham protocol at a given
strain. We then calculated this percent of the stress at
the same strain from the mean data of the test specimens
before glycation, and added this amount on to the mean
data of the glycated test specimens. This was repeated
for multiple strains of the test protocol, and a new
exponential curve was fit to this adjusted data.

We used pentosidine content (expressed as nanomolar
of pentosidien/mol of collagen) and fluorescence (ex-
pressed as arbitrary fluorescence units/mol of collagen)
to determine the AGE levels of the glycated and sham
specimens as well as of the untreated tissue that had
been adjacent to the specimens in vivo. The tissue was
first hydrolyzed in 6 N HCI for 24 h at 110 °C and dried.
The hydrolysates were dissolved in water and were
filtered through a 0.22pum pore-size Ultrafree-MC
microcentrifuge filter (Millipore, Bedford, MA). Ali-
quots from the acid hydrolysis were assayed for
pentosidine by reverse phase HPLC using a 25cm C-
18 column (Vydac, Hesperia, CA). The effluent was
monitored at excitation/emission wavelengths of 335/
385nm (Reiser, 1994; Sell and Monnier, 1989). The
elution time and quantum efficiency of pentosidine were
determined using a pentosidine standard, which had
been synthesized by us and characterized as described by
us previously (Reiser, 1994). Separate aliquots of the
acid hydrolysate were assayed for fluorescence at
excitation/emission wavelengths of 370/440 nm using
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an ELISA platereader (Monnier et al., 1984; Reiser,
1994). Collagen content was determined by assaying
aliquots of the acid hydrolysates for hydroxyproline
using the Woessner colorimetric assay (Woessner, 1961).
Unpaired Student’s ¢-tests were used to determine
whether the tissue’s pentosidine content and fluores-
cence had changed with the glycation and sham
protocols.

We have previously described a strain energy function
for the annulus consisting of a sum of four separate
terms (Wagner and Lotz, 2004). This was accomplished
using a composite continuum theory for an isotropic
matrix reinforced by two systematically arranged
families of fibers that was proposed by Spencer (1984).
In this model, the anisotropic properties of the
composite are due solely to the fiber families, which
are defined by their orientation. We chose a Cartesian
basis (E;, E,, E3) to be aligned with the radial,
circumferential and axial directions, respectively, of a
local anatomic configuration (Fig. 2). The previously
proposed strain energy function was

W =a(Is— /L + oL I;'7? = 3)

+ ﬁ(eh3(19—2) _ b3]9) 4 % eh4(111—1§+2110), (1)
b3 by
where I, I3, Iy, 119, and I; are invariant quantities that
have been defined by Spencer (1984). In the current
study, we modified the previous strain energy function
by adding a fifth term:

W =a(Is— /L + a1 = 3)

a a 2
+ b_3(e/73(19—2) _ b3]9) 4 b_4 eb4(111—19+2110)
3 4
a
+ 52 (€D — bsJ), )
5

where Jy is the sum of the squared stretches in directions
perpendicular to the two fiber families. In both the
above strain energy functions, the Ist and 2nd terms
represent the spherical and deviatoric response of the
matrix, respectively. The third term models the collagen
fibers with a mechanical response that is stiffer in
tension than in compression. The quantity I;;—13+ 21,
is equivalent to the sum of the squared shear strains in
the two fiber directions, therefore the 4th term
represents the resistance of the interactions between
constituents (such as collagen crosslinks or fiber—matrix
interactions) to shear deformation along the directions
of the fibers (Fig. 3a). In Eq. (2) the 5th term represents
the resistance of the interactions to stretching in the
directions perpendicular to the fibers (Fig. 3b). The
coefficients a,, a,, a3, as, and as all have units of MPa,
while the coefficients b3, by, and bs are dimensionless.
Using previously described methods (Klisch and Lotz,
1999; Wagner and Lotz, 2004), we determined the values
of the strain energy coefficients that are specific to the

(A) (B)

Fig. 3. Interactions terms of the strain energy function represent the
resistance of the crosslinks to shear deformation in the direction of the
fibers (A) and the resistance of the fibers to stretch deformations in the
direction perpendicular to the fibers (B).

annulus for both the above three-dimensional strain
energy functions (Egs. (1) and (2)). To do this, we
individually and simultaneously conducted nonlinear
regressions to the mean elastic stress—strain response
from experimental protocols that span a wide range of
annular deformations. The experimental data consisted
of: (A) uniaxial tension in the radial direction, non-
degenerate anterior middle (Fujita et al., 1997); (B)
uniaxial tension in the circumferential direction, non-
degenerate anterior middle (Wagner and Lotz, 2004);
(C) uniaxial tension in the axial direction, nondegene-
rate anterior—lateral outer (present study); (D) uncon-
fined compression in the circumferential direction,
nondegenerate anterior middle (Wagner and Lotz,
2004); (E) confined compression in the radial direction,
nondegenerate lateral middle (Klisch and Lotz, 2000);
(F) confined compression in the axial direction, non-
degenerate lateral middle (Klisch and Lotz, 2000); (G)
biaxial tension, axial stress vs. axial stretch with
circumferential stretch held constant at 1.0, nondegene-
rate anterior outer (Bass et al., 2004); and (H) uniaxial
tension in the axial direction, anterior—lateral outer,
after incubation in glycation solution (present study). In
addition to conducting the simultaneous regressions to
the experimental data sets (A)—(H) in the direction of
applied stress, we also invoked the stress response for
the case of the traction-free surfaces for (A)—(D)
and (H), as has been previously described (Wagner
and Lotz, 2004). For example, in the radial tension
test (A), we also generated the equations for stresses in
the circumferential and axial directions. When
we conducted the simultaneous regression of the
experimental datasets, equations for the traction-free
faces were fit to zero stress for the experimental
stretches.

The above list of experiments includes two axial
tension tests. Experiment (C) measured the stress—
stretch properties of the native annular tissue, before it
had been incubated in methylglyoxal, and experiment
(H) measured the stress—stretch properties of the
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annulus after incubation. By including both experiments
in the overall nonlinear regressions, we sought to
determine whether the interactions terms could ade-
quately describe the influence of AGEs on the tissue’s
mechanical behavior. Although the form of the stress—
strain equations for these two experiments was identical,
we allowed the interactions coefficients a4 and as to
take on different values for the two experiments.
Specifically, using the first strain energy function, the
equations were written such that a4 was the interactions
coefficient for experiments on untreated tissue (A)—(G),
while @, was the interactions coefficient only for the
equations that described the axial tension experiment
using glycated tissue (H). Similarly, in the second strain
energy function, a4 and as were the interactions
coefficients for experiments on untreated tissue, while
ay and a; were the interactions coefficients only for
the axial tension experiment using glycated tissue. In
both strain energy functions, other coefficients were
allowed to take on only one value for all experiments
(A)—~(H).

The stress in any one direction depends on all three
principal stretches. Therefore, for the experimental
protocols (A)—(H) we had to describe the three principal
stretches although all were not directly measured. To
determine the unmeasured stretches, we made identical
assumptions about the Poisson’s ratios as in our previous
study (Wagner and Lotz, 2004) in all experiments except
for v3; in experiments (C) and (H). In experiment (C), we
used the experimentally measured Poisson’s ratio from
the untreated tissue of the current study. In experiment
(H), we used the experimentally measured Poisson’s ratio
from the tissue after it had been incubated in methyl-
glyoxal, also from the current study. As in our previous
study, the overall statistical fit was extremely sensitive to
the Poisson’s ratio v,3 and fiber angle ¢, therefore we
considered v,3 and ¢ to be parameters best found
through the statistical fitting algorithm. We determined
best-fit values for the set of coefficients for the first
strain energy function {a,as,as,bs,as,bs,day,v23, ¢}
using starting values {0.08,0.005,0.003,30,0.1,1.0,0.5,
1.8,60°} which we chose based on our previous work
(Wagner and Lotz, 2004). We determined values of
{ay, ar, a3, b3, a4, by, as, bs,aﬁ‘,ag,VB,(]S} for the second
strain  energy function using starting values
{0.08,0.005,0.003, 30,0.1, 1.0,0.001, 5.0,0.5,0.1, 1.8, 60°}.
We studied the effect of the starting values by consider-
ing a wide range. To determine the goodness-of-fit of the
solutions, we looked at the sum of the error squared.
Finally, we analyzed the covariance matrix, which gives
an indication of whether the coefficients are correlated
with one another. The values of this matrix range from
—1 to +1, where a value of 0 signifies that there is no
correlation between the two coefficients, and a value of
=+ 1 signifies that the coefficients have a strong positive or
negative correlation.

3. Results

The exponential equation ¢ = (A4/B)(e? — 1) repre-
sented the nonlinear tensile axial behavior well, with a
correlation coefficient>0.95 for all tests (Fig. 4). The
average axial tensile behavior of the test specimens
before and after glycation shows a statistically signifi-
cant increase in the coefficient 4 and no statistically
significant change in B with glycation (Table 1) and
results in an average stress—strain curve that is slightly
stiffer after glycation (Fig. 5). The average tensile
behavior of the four control specimens before and after
the sham protocol demonstrates a statistically significant
decrease in 4 and a statistically significant increase in B
(Table 1) and results in an average stress—strain curve
that is less stiff after the sham incubation.

Our coefficients of the exponential equation that
characterize the average mechanical behavior of the
glycated test specimen after adjustment for the softening
effect seen in the sham protocol are 4 = 0.178 and B =
10.3. By removing the softening effect of the one-week
incubation, we note a more pronounced increase in
stiffness with glycation (Fig. 5). These data were used as
dataset (H) to determine the material coefficients of the
strain energy function, as we felt that they best
represented the mechanical behavior of the annulus
with increased levels of AGEs.

A straight line represented the transverse strain vs. the
strain in the direction of applied load reasonably well,
with an R? > 0.80 for all data. The Poisson’s ratio for the
test specimens was 0.89+0.21 before glycation and
0.78+£0.13 after (Table 1). These results suggest a
decreasing trend in the Poisson’s ratio of the test
specimens with glycation, but are not statistically
significant (0.1>p>0.05). The control specimens, on
the other hand, showed no significant change in
Poisson’s ratio with the sham protocol (Table 1).
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Fig. 4. Representative data from a single specimen shows that the
nonlinear tensile axial behavior was well represented by an exponential
equation.
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Table 1

Average (SD) values for coefficients 4 (MPa), B, and Poisson’s ratio v, both before and after glycation or sham treatment. The p values based on a

paired Student’s t-test are also shown

A (MPa) B v
Before After V4 Before After )4 Before After p
Glycation 0.094 0.13 0.032 11.1 10.1 0.18 0.89 0.78 0.068
(0.048) (0.069) 4.7) 3.1) (0.21) (0.13)
Sham 0.17 0.075 0.017 6.4 8.1 0.039 1.12 1.11 0.42
(0.081) (0.039) (1.1) (1.4) (0.23) (0.12)
0.25
- . 4000 m 35-
before incubation 2
— after incubation °© 3500
0.2 | = after incubation, data adjusted % B fluorescence 01 s
.g 3000 W pentosidine E
2 3
g 0151 2 2500 g
: 2 £
2 S 2000 2
= 01 @ 5
7 2 3
& 1500 £
g g
0.05- S 1000 S
< g
£ 500
0 . . . . . . g
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 <
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Fig. 5. Test specimens were slightly stiffer in the axial tension test after
incubation in a methylglyoxal solution than they were before. We
adjusted the data from the test after incubation to eliminate the
softening effect of the 1-week incubation. These results show a more
pronounced increase in stiffness with glycation.

Our biochemical data show a significant increase in
both fluorescence and pentosidine content in glycated
samples as compared to the untreated tissue (Fig. 6)
(»<0.0001 for fluorescence and p = 0.0007 for pentosi-
dine). On the other hand, there was no significant
difference between glycated and sham-incubated sam-
ples with respect to pentosidine or fluorescence.

The best-fit values for the coefficients of our
previously proposed strain energy function (Eq. (1))
were {0.113,0.00379,0.00173,39.3,0.0248, 3.143,0.0926,
1.91,57.6°} and the sum of the error squared for
this model was 1.91. For the modified strain
energy function (Eq. (2)), the coefficients were
{0.0876,0.00415,0.00378, 32.2,0.0237,0.00190, 0.000226,
7.48,0.0456,0.000408, 1.75,56.8°} and the sum of the
error squared was 1.37, a 28% improvement in the
goodness-of-fit over our previously proposed model.
The coefficient a; was 93% greater than a,, while a5’ was
81% greater than as. The coefficients of this modified
model resulted in stress—stretch curves that lie within

1wk MG sham

all untreated

Fig. 6. Biochemical data demonstrate a significant increase in both
fluorescence at excitation/emission wavelengths of 370/440nm and
pentosidine content with the 1-week incubation in methylglyoxal (MG)
as compared to the untreated tissue, indicating an increase in
nonenzymatic crosslink density. No such increase is seen with the 1-
week sham incubation. ““indicates p<0.025.

one standard deviation of the experimental deforma-
tions (Fig. 7). Although we were able to find other
solutions to the nonlinear regression by choosing
different starting values, all other solutions led to strain
energy functions that were not positive definite as the
laws of thermodynamic require. The largest value of the
covariance matrix was 0.65 for the coefficients b4 and bs.
Besides the two interactions terms, the values of the
covariance matrix were all below 0.5.

4. Discussion

Our results demonstrate that glycation stiffens the
annular mechanical behavior and may cause a decrease
in the Poisson’s ratio v3;. Further, we show that the
interactions terms of our strain energy functions capture
the mechanical influence of glycation on the annulus.
Specifically, we note that the changes in axial tensile
behavior due to increased levels of AGEs can be
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Fig. 7. Results of the simultaneous curve-fit to the measured stress—stretch data and the additional equations representing the stress response for the
case of the two traction-free boundary conditions for each experiment A-D and H. A = radial tension (Fujita et al., 1997); B = circumferential
tension (Wagner and Lotz, 2004); C = axial tension, before incubation in glycation solution, current study; D = unconfined circumferential
compression (Wagner and Lotz, 2004). E = radial confined compression (Klisch and Lotz, 2000); F = axial confined compression (Klisch and Lotz,
2000); G = biaxial tension in the axial direction, circumferential stretch = 1.0 (Bass et al., 2004); H = axial tension, after incubation in glycation
solution, adjusted, current study. Solid curves = mean experimental response + | standard deviation; x = theoretical fit to measured stress—stretch
response; dashed lines = theoretical description of stress response for the case of traction-free stress—stretch response for experiments A-D, H.

modeled by increasing only the material coefficients ay time that specific material coefficients of a constitutive
and as of the interactions terms of our strain energy relationship have been shown to correlate positively
function in Eq. (2). To our knowledge, this is the first with AGE concentrations or with any biochemical
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measure. Of course, additional work, such as applying
more experimental deformations to glycated tissue, will
be required to fully validate the interactions terms.

The accurate representation of the material behavior
of the annulus requires that we add a fifth term to our
previous strain energy function. This term represents the
ability of the crosslinks to resist loading in the direction
perpendicular to the collagen fibers. When the annulus is
modeled without this term, the sum of the error squared
is substantially higher. This is primarily due to the stress
response of the traction-free circumferential face in axial
experiments (C) and (H), which is substantially worse
when the 5th term is not included (data not shown). In a
study that was not reported, we held the interactions
coefficients a4 and as constant and attempted to model
the change in mechanical behavior with the other
material coefficients of the strain energy function in
Eq. (2). However, the solution that was generated in this
analysis was not positive-definite, suggesting that only
the interactions terms represent the mechanical response
of the AGEs in a physically relevant way.

We analyzed the covariance matrix of the strain
energy function in Eq. (2), as high correlations between
the coefficients can suggest that a model is over-
parameterized. We found only a moderate correlation
between the coefficients of the two interactions terms,
and low correlations between coefficients of all other
terms. The generally low covariance may be due to the
fact that our strain energy function is structurally guided
and each term has been designed to represent a specific
mechanical response of the tissue’s individual structural
components.

The pentosidine concentration in the untreated tissue
was consistent with that seen by Pokharna and Phillips
(1998) in the intervertebral discs of 2040 year olds,
while the concentration after incubation was compar-
able to that of 40-50 year olds. Although differences in
pentosidine concentration with degrees of degeneration
have been reported (Duance et al., 1998; Pokharna and
Phillips, 1998), the link between pentosidine concentra-
tion and degeneration is not as consistent as the link
between pentosidine concentration and aging. Efforts to
correlate pentosidine concentration and disc degenera-
tion are confounded by the fact that both pentosidine
concentration and degeneration increase with age.
Given these considerations, we are unable to suggest
that the mechanical response of the glycated test
specimen is indicative of degenerated tissue.

The sham protocol softens the annular tensile
mechanical properties in the axial direction, with no
change in the Poisson’s ratio. The cause of the softening
is currently unknown. The results of a DMMB assay
(Farndale et al., 1982) determined that proteoglycans
had not diffused from the glycated or control specimens.
Furthermore, we measured the size of the grid of ink
dots that are used for strain measurement both before

and after the incubation protocol, and found no
significant change (p>0.4 for test specimens, p>0.1
for sham specimens), indicating that the tissue had not
been significantly damaged or degraded.

Although the stress—strain results of the untreated test
specimens are softer than those that have been
previously reported (Duncan and Lotz, 1998), the data
are within one standard deviation of one another. The
difference in stiffness between the two studies is likely
due to the fact that the test specimens were prepared
differently. In the study by Duncan and Lotz, the
adjacent vertebral bone was left attached to the annular
test specimens, resulting in additional boundary con-
straints that have a stiffening effect. The mean Poisson’s
ratio of the untreated test specimen reported in the
current study is larger than and just outside of one
standard deviation that has been previously reported by
others (Elliott and Setton, 2001). On the other hand, the
mean Poisson’s ratio of the test specimens after
incubation in the glycation solution is well within one
standard deviation of the previously reported data. Our
data indicate a trend of decreasing Poisson’s ratio with
increasing AGE density. If this trend is real, then it may
explain the Poisson’s ratio discrepancy between our data
and those of Elliott and Setton. The donors in the
current study were significantly younger than those in
the previous study, therefore our untreated test speci-
mens would likely have had a smaller AGE density,
which may have resulted in the higher measured
Poisson’s ratio.

The strain energy function that is presented here is a
structurally guided constitutive relationship, with mate-
rial properties that are defined by specific features of
annular tissue architecture. This constitutive model is a
first step towards understanding the interrelationship
between specific macromolecular features of the tissue
and its mechanical function. In the future, this
structurally guided approach may be a significant
advance beyond existing phenomenological constitutive
models, as it can be used to explore the structure—func-
tion relationships of the annulus and the pathomecha-
nics of aging and degeneration in the intervertebral disc.
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