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Abstract—The anulus fibrosus of the human lumbar inter-
vertebral disc has a complex, hierarchical structure com-
prised of collagens, proteoglycans, and elastic fibers. Recent
histological studies have suggested that the elastic fiber
network may play an important functional role. In this study,
it was hypothesized that elastic fibers enhance the mechanical
integrity of the extracellular matrix in the radial orientation,
perpendicular to the plane containing the collagen fibers.
Using a combination of biochemically verified enzymatic
treatments and biomechanical tests, it was demonstrated that
degradation of elastic fibers resulted in a significant reduction
in both the initial modulus and the ultimate modulus, and a
significant increase in the extensibility, of radially oriented
anulus fibrosus specimens. Separate treatments and mechan-
ical tests were used to account for any changes attributable to
non-specific degradation of glycosaminoglycans. Addition-
ally, histological assessments provided a unique perspective
on structural changes in the elastic fiber network in radially
oriented specimens subjected to tensile deformations. The
results of this study demonstrate that elastic fibers play an
important and unique role in the mechanical properties of the
anulus fibrosus, and provide the basis for the development of
improved material models to describe intervertebral disc
mechanical behavior.

Keywords—Intervertebral disc, Anulus fibrosus, Elastic
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INTRODUCTION

The anulus fibrosus of the human lumbar interver-
tebral disc has a unique hierarchical microstructure.
The primary functional elements are bundles of type I
collagen fibrils, arranged in discontinuous, roughly
concentric lamellae around the nucleus pulposus.

Bundles are oriented obliquely to the transverse plane
of the disc, with their directions alternating in each
consecutive lamellae.5,27 Co-distributed within this
collagenous architecture is a complex network of
elastic fibers.4,21,36,43 Elastic fibers are critical constit-
uents of the extracellular matrix in dynamic biological
structures that functionally require elasticity and
resilience, and their loss is considered to be a major
cause of aging and degeneration in many tissues.22

They have a complex ultrastructure, comprised of the
protein elastin embedded on a microfibrillar scaffold
rich in fibrillins.23 Immunohistochemical analysis has
demonstrated that both elastin and fibrillin-1 are
widely distributed throughout the anulus fibrosus.44

The arrangement of elastic fibers in the anulus is
distinct at each level of the collagen structural hierar-
chy: within lamellae, they are arranged parallel to the
collagen fibers; at lamellar interfaces they form discrete
connections between collagen bundles in consecutive
lamellae.36 There is also evidence that elastic fibers
form ‘cross-bridges’ to connect collagen bundles in
non-consecutive lamellae.44,45 The density of elastic
fibers within the lamellae is heterogeneous both radi-
ally and circumferentially. Density is higher in the
lamellae of the outer anulus than in those of the inner,
and higher in the lamellae of the posterolateral region
than in those of the anterolateral.36 Elastic and col-
lagenous elements are embedded in a hydrated ground
matrix rich in glycosaminoglycans.38

The mechanical function of the anulus fibrosus is
twofold: to provide mobility to the spine by facilitating
flexion, extension, lateral bending and twisting, and to
resist the radial forces generated by the bulging of the
nucleus pulposus under compressive loads.24 As a
consequence, the anulus fibrosus is subjected to com-
plex strains; its anisotropic mechanical properties
reflect this, and have been quantified extensively at the
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tissue level.7,9,11,13,17 Parallel to the direction of the
collagen fiber bundles, high elastic modulus reflects the
dominant mechanical role of the collagen fibers. Per-
pendicular to the direction of the bundles modulus
values are approximately two orders of magnitude
smaller, suggesting a more central mechanical role for
non-collagenous elements such as elastic fibers, which
possess low elastic modulus, high extensibility, and
high resilience.9,11,12,17

Detailed histological analyses of the elastic fiber
network structure have provided an initial framework
enabling researchers to hypothesize as to their possible
functional roles, and it has been suggested that elastic
fibers may play a critical role in reinforcing the
mechanical integrity of the collagen matrix and in
facilitating its elastic recoil, both within and between
collagen fiber bundles; however, there is currently
no experimental evidence to support these theo-
ries.18,36,44,45

Targeted enzymatic treatments have been used
extensively in combination with biomechanical testing
to stratify both tensile and compressive mechanical
properties of connective tissues in terms of the indi-
vidual contributions of elastic fibers and other con-
stituents such as glycosaminoglycans.25,30–32,35 The
objective of this investigation was to apply such tech-
niques to study the role of elastic fibers in the tensile
mechanical properties of the anulus fibrosus. It was
hypothesized that elastic fibers enhance the mechanical
integrity of the anulus in the radial orientation, per-
pendicular to the plane containing the collagen fibers.
Specimens from both anterolateral and posterolateral
quadrants were studied, facilitating an analysis of
circumferential heterogeneity, and specimens from
discs of varying morphological grades were assessed
for evidence of degeneration-related dependence.
Additionally, histological techniques were used to as-
sess changes to the elastic fiber network structure in
specimens clamped and fixed under tensile strains,
providing mechanical testing results with a comple-
mentary structural perspective.

MATERIALS AND METHODS

Specimen Preparation

Eight human lumbar spines from cases ranging in age
from 16 to 87 years were harvested at autopsy within
24 h of death, with research ethics committee and next-
of-kin approvals. Whole intervertebral discs from the
L1–L2 level were removed at the endplates using a
scalpel. Discs were hemi-sected mid-sagittally and
macroscopically graded by two independent assessors
for degenerative condition using a modified Thompson
scheme.39 Of these discs two each were assigned grades

of one (aged 16 and 40), two (aged 28 and 57), three
(aged 66 and 76), and four (aged 80 and 87).

Each hemi-disc was then divided into an anterolat-
eral and posterolateral quadrant, and the nucleus was
separated from the anulus at the transition zone using
a scalpel and discarded. Quadrants, aligned with the
mid-axial plane of the disc, were trimmed incremen-
tally using a cryostat until a uniform thickness of
approximately 2 mm was achieved. Two parallel strips,
approximately 5 mm wide, were cut from each quad-
rant (Fig. 1) using a parallel-edged razor-tool, and
trimmed to an approximate length of 10 mm. The
length of each specimen extended approximately from
the disc periphery to the transition zone, with the
central gauge region located approximately in the
middle anulus. Specimens were equilibrated in 0.15 M
phosphate buffer saline for 1 h at 4 �C, after which
width and thickness were measured optically using a
digital vision system with a resolution of ±10 lm.
Dimension measurements were made both prior and
subsequent to enzymatic treatments.

Enzymatic Treatments and Biochemical Validation

Elastin, the core constituent of elastic fibers, was
selectively degraded from the tissue matrix using an
optimized version of established techniques.25,28,30 One
specimen from each quadrant was incubated in a
solution consisting of 3 U of high purity pancreatic
elastase in 1 mL of 0.2 M Tris–HCl, pH 8.6, with
10 mM N-ethylmaleimide and 5 mM benzamidine
hydrochloride as protease inhibitors. Additionally,
3 mg of soybean trypsin inhibitor was included to limit
non-specific degradation of collagen by the elastase.28

To account for the predicted effects of non-specific
degradation of glycosaminoglycans by elastase, the
second, adjacent specimen from each quadrant was

FIGURE 1. Schematic representation of specimen harvest
sites in the anterolateral and posterolateral quadrants of the
anulus fibrosus. AF = anulus fibrosus, NP = nucleus pulpo-
sus; r, a, and c indicate radial, axial, and circumferential
directions, respectively.
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incubated in a solution consisting of 1 U of chondro-
itinase ABC in 1 mL of 0.05 M Tris–HCl plus 0.06 M
sodium acetate buffer, pH 8.0, with 10 mM N-ethyl-
maleimide and 5 mM benzamidine hydrochloride and
1 mM phenylmethanesulfonyl fluoride as protease
inhibitors, to specifically degrade glycosaminoglycans
while leaving elastic fibers and collagen unaffected.
Both treatments were carried out for 36 h at 37 �C
with gentle agitation. Following treatment, specimens
were washed for 30 min in 0.15 M phosphate buffered
saline; washes were then combined with extracts for
biochemical analyses as required. All reagents were
obtained from Sigma-Aldrich, St Louis, MO, USA.

The efficacy of the enzyme treatments was validated
biochemically in a preliminary study. The degradation
of elastin by the elastase treatment was assessed using a
competitive enzyme immunosorbent assay (ELISA) for
desmosine, a tetrafunctional crosslinking amino acid
unique to elastin.23 The assay methodology was adap-
ted from established techniques.29,42 Degradation of
triple-helical collagen by elastase was assessed by
measuring hydroxyproline.37 Degradation of hydrox-
ylysylpyridinium crosslinks (pyridinoline) from colla-
gen by elastase was measured using an adaptation of an
established reversed-phase high performance liquid
chromatographic (HPLC) technique.10 Glycosamino-
glycan degradation in specimens treated with elastase
or chondroitinase ABC was assessed by measurement
of uronic acid.3 Prior to assays being conducted, treated
tissue fragments were completely digested for 24 h at
56 �C in 2 mL of a solution containing 100 lg of pro-
teinase K buffered with 100 mM di-potassium hydro-
gen orthophosphate at pH 8.0. 1 mL each of proteinase
K digested tissues, and combined extracts plus wash
solutions were then subjected to 24 h of hydrolysis in
6 M hydrochloric acid at 110 �C. Aliquots of hydro-
lyzed solutions were used for desmosine, hydroxypro-
line, and pyridinoline assays. Aliquots of unhydrolyzed
solutions were used for uronic acid assays.

Mechanical Testing

To facilitate precise mounting of specimens in the
grips of the testing machine, a 2-piece disposable frame
was constructed for each specimen from 150 grit silicon
carbide polishing paper (Fig. 2). Polystyrene spacers
were glued to the corners of each frame to ensure the
gripping force was evenly distributed over the surface
of the specimen ends and to prevent crushing. Before
mounting in the grips of the mechanical testing system,
the two parts of the frame were combined to form a
sandwich over the specimen and fixed in position using
fast drying adhesive. The initial gauge region, defined
as the frame window height measured using digital
callipers, was 2.19 ± 0.11 mm.

Each specimen was initially re-equilibrated in
0.15 M phosphate buffer saline at 4 �C for 1 h, then
mounted in a frame which was in turn placed in the
grips of the mechanical testing system (Mach-1 A400;
Biosyntech, Laval, Canada), and the frame sides were
cut. The system had a displacement resolution of
0.5 lm and a load cell resolution of 0.005 N. Specimens
were tested while submerged in a 0.15 M phosphate
buffered saline bath to prevent dehydration. Five cycles
of preconditioning using a triangular waveform were
initially applied at a strain rate of 0.05 s-1 under dis-
placement control, after which the response was ob-
served to be repeatable. A single ramp at a constant
strain rate of 0.0025 s-1 was then applied, for calcula-
tion of quasi-static mechanical properties. This testing
protocol was repeated following enzymatic treatment
for each specimen. Gauge regions were relocated pre-
cisely using the high resolution images previously ob-
tained for specimen dimension analysis as a guide. It
was critical that the maximum strain amplitude used
for quasi-static tests exceed the extensibility of speci-
mens to permit determination of ultimate modulus, but
significantly precede the yield strain to enable repeat
testing. Preliminary work and the results of a previous
study suggested a high level of inter-specimen vari-
ability with respect to these properties.11 The optimum
maximum strain amplitudes were therefore determined
experimentally for each specimen immediately prior to
preconditioning, by applying a constant strain rate
ramp at 0.05 s-1 until the response was observed to
exceed the transition strain and enter the second linear
region. Maximum strain amplitudes were 0.31 ± 0.11,
0.46 ± 0.19, and 1.22 ± 0.50 mm/mm for pre-treat-
ment, and following chondroitinase ABC and elastase
treatments, respectively (mean ± SD).

Engineering stress (force divided by undeformed
cross-sectional area at equilibrium hydration) vs. strain

FIGURE 2. Sandpaper mounting frame (prior to assembly)
with specimen in position. G = gauge region; dotted
lines = cutting zones following placement in the mechanical
testing system grips.
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(the instantaneous length divided by the starting
length) was plotted for each specimen before and after
treatment. Post-treatment cross-sectional areas were
calculated using post-treatment dimensions. Initial
modulus (tangent to the toe region of the response),
ultimate modulus (tangent to the second linear region
of the response) and extensibility (corresponding to the
strain at the point of transition between the toe and
second linear regions), illustrated in Fig. 3, were cal-
culated from the raw data. Previous studies of anulus
quasi-static mechanical properties have defined elastic
modulus either as the tangent to the linear region of
the curve at a prescribed percentage of the yield strain,
or using moving cell linear regression, in which the
regression line with the optimum coefficient of deter-
mination defines the modulus.7,11 As the testing in this
study was non-destructive, the second of these methods
was adopted. For ultimate modulus, regression com-
menced at the maximum strain; for initial modulus, the
regression started at zero strain. Extensibility, defined
as the transition strain between the first and second
linear regions, was calculated as the intersection point
of tangents to these two regions (Fig. 3).

The repeatability of the mechanical testing protocol
was assessed in a preliminary study. Four specimens,
separate from those allocated to the primary treatment
groups, were tested non-destructively using the meth-
ods outlined. They were then removed from the clamps
and re-equilibrated in phosphate buffered saline for
approximately 1 h, considered sufficiently long for
fluid and tissue elements to return to their pre-test
homeostatic configuration, but sufficiently short to
prevent significant loss of glycosaminoglycans through
ionic diffusion, then retested using the same protocol.
Initial modulus, ultimate modulus, and extensibility
were compared for the initial and repeat tests using
paired Student’s t-tests, and any significant differences
reported for two-tailed p values less than 0.05.

Data Analysis

Paired mechanical testing data sets, before and after
treatments, were assessed separately for normality
using the Shapiro–Wilk test. Statistical differences for
each property (initial modulus, ultimate modulus, and
extensibility) between pre-treatment and post-treat-
ment measurements were assessed using paired Stu-
dent’s t-tests where data were normally distributed
(expressed as mean ± standard deviation), or using
the Wilcoxon signed ranks test where data were non-
parametric (expressed as median, interquartile range).
Likewise, paired tests were used to compare the effect
of region (anterolateral vs. posterolateral), and Stu-
dent’s t-tests or Mann–Whitney U tests were used to
assess the effect of degeneration (specimens grouped as
grade 1 or 2 vs. grade 3 or 4) on mechanical properties.
Significance was reported for 2-tailed p values less than
0.05. Statistical analyses were performed using
GraphPad Prism V5 (GraphPad Software Inc., San
Diego, CA, USA).

Histological Assessment

Four specimens, prepared as described from two
additional non-degenerate hemi-discs, were subjected
to non-destructive peak strains determined as for
mechanical tests, then clamped whilst fully extended
and fixed overnight in 10% buffered formalin. Speci-
mens were then routinely processed and paraffin
embedded. Sections 30 lm thick were cut from the
surface parallel to the axial plane of the disc, and
mounted on gelatin coated microscope slides. Sections
were rehydrated through xylenes and progressive
alcohols to distilled water, oxidized with potassium
permanganate, decolorized with oxalic acid, and
stained with resorcin-fuchsin. Tissue structure was as-
sessed on an light microscope attached to an imaging
workstation (Leica Microsystems, Wetzlar, Germany),
at an objective magnification of 100 times. Elastic fiber
network structure within collagen bundles and at
lamellar boundaries was visualized using phase con-
trast, composite z-stack imaging.36 Finally, patterns of
fiber arrangement in the loaded specimens were com-
pared with those observed in unloaded specimens.

RESULTS

Biochemical Validation

Treatment with elastase resulted in 68.2 ± 15.4
(mean ± SD) percent degradation of elastin, mea-
sured as crosslinking desmosine. Degradation of triple-
helical collagen by the elastase treatment, measured as
hydroxyproline, was small (4.6 ± 1.7%), as was

FIGURE 3. Mechanical properties—initial modulus, ultimate
modulus, and extensibility—as they relate to each region of
the quasi-static stress–strain response.
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degradation of collagen crosslinks, measured as pyri-
dinoline (4.0 ± 1.9%). The degrees of hydroxyproline
degradation and pyridinoline degradation were highly
correlated (r = 0.80). Elastase and chondroitinase
ABC treatments both removed the majority of gly-
cosaminoglycans (91.9 ± 1.7% and 71.9 ± 4.5%,
respectively), measured as uronic acid.

Mechanical Testing

Untreated specimens subjected to repeat testing
following 1 h of re-equilibration displayed no signifi-
cant change in initial modulus (p = 0.4), ultimate
modulus (p = 0.6), or extensibility (p = 0.2), thereby
validating the repeatability of the test protocol.

Results from four specimens were discarded due to
artefacts in their respective load vs. displacement
characteristics. The effects of elastase treatment on
tissue mechanical properties are illustrated in Fig. 4a.
Following treatment, initial modulus decreased by
93%, ultimate modulus decreased by 91% and exten-
sibility increased by 431%. In all cases the change was
significant (p<0.001). The effects of chondroitinase
ABC treatment on tissue mechanical properties are
illustrated in Fig. 4b. Following treatment, initial
modulus decreased by 49% and extensibility increased
by 69% (both changes significant, p<0.001). There
was no significant change in ultimate modulus. All
percentages stated are median values. The magnitudes
of the changes in both initial modulus and extensibility
were significantly different between elastase and chon-
droitinase ABC treated groups (p<0.001 for both).

A comparison of mechanical testing results prior to
treatment between anterolateral (AL) and posterolat-
eral (PL) quadrants revealed no significant differences
for initial modulus (AL: 0.096 ± 0.062 MPa, PL:
0.055 ± 0.040 MPa, mean ± SD, p = 0.11) or ulti-
mate modulus (AL: 0.272 ± 0.178 MPa, PL:
0.167 ± 0.103 MPa, p = 0.17), although observed
trends suggested that both tended to be higher for
anterolateral specimens. Extensibility was found to be
significantly higher for posterolateral specimens (AL:
0.149 ± 0.016 mm/mm, PL: 0.223 ± 0.081 mm/mm,
p = 0.02). Following treatment with elastase, differ-
ences in initial and ultimate modulus between regions
remained insignificant (p = 0.55 and p = 0.16,
respectively), and extensibility remained significantly
higher for posterolateral specimens (p = 0.02). Fol-
lowing treatment with chondroitinase ABC, there were
no significant differences in any of the properties be-
tween regions, however observed trends suggested
posterolateral specimens maintained higher extensibil-
ity (p = 0.11), while anterolateral specimens main-
tained a higher initial modulus (p = 0.08). With
respect to the magnitudes of the changes observed in
each of the mechanical properties, no significant
differences or trends were observed between the two
regions for either treatment.

Correlation between age and disc condition was
high and significant (r = 0.90, p = 0.002), making
these factors indistinguishable for the purposes of
analysis. To compare the effects of degeneration on
mechanical properties, specimens were grouped as
either non-degenerate (grade 1 and 2) or as degenerate

FIGURE 4. (a) Initial modulus, ultimate modulus, and extensibility before and after elastase treatment. (b) Initial modulus, ultimate
modulus, and extensibility before and after chondroitinase ABC treatment (median and interquartile range). * Indicates significant
difference before and after treatment, p < 0.001.
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(grade 3 and 4). Prior to treatment, initial modulus
was significantly greater for degenerate specimens
(p = 0.046), as was ultimate modulus (p = 0.004)
(Fig. 5a). No significant difference in extensibility was
found between non-degenerate and degenerate groups.
Following elastase treatment, no significant difference
were observed for any of the properties between
groups, however, a trend remained for ultimate mod-
ulus to be higher for degenerate specimens (p = 0.09)
(Fig. 5b). Following chondroitinase ABC treatment,
no significant differences were observed between
groups, although trends suggested initial modulus
remained greater for degenerate specimens (p = 0.11).
An analysis of the magnitudes of the changes in each of
the properties revealed no significant differences
between non-degenerate and degenerate groups for
either treatment.

Histological Assessment

Within the collagen bundles of radial specimens
subjected to tensile strains, two distinct patterns of fiber
behavior were apparent: fibers aligning towards the
loading direction appeared long and straight, as if in
tension; fibers aligning more perpendicular to the
loading direction appeared short and relaxed, or
‘crumpled’, as if in compression (Fig. 6). This pattern
of fiber distribution (Fig. 7a) is distinct when compared
to that observed in unloaded specimens (Fig. 7b),
where elastic fibers are aligned predominantly parallel
to the direction of the collagen fibers. At lamellar

interfaces, discrete bundles of elastic fibers were
observed to form points of adhesion between otherwise
separating lamellae (Fig. 8).

DISCUSSION

Descriptions of structure–function relationships
within the extracellular matrix of soft biological tissues
such as the anulus fibrosus are important for several
reasons: they enable researchers to understand, model

FIGURE 5. Comparisons of initial modulus, ultimate modulus, and extensibility between non-degenerate and degenerate spec-
imens for (a) untreated specimens and (b) elastase treated specimens. � Median and interquartile range; �� mean ± standard
deviation; * significant difference, p < 0.05, ** p < 0.005.

FIGURE 6. Elastic fiber network structure within a collagen
bundle, in a specimen under tensile strain (inset schematic
shows loading direction). SE = straight elastic fibers indicate
tension; RE = relaxed elastic fibers indicate compression
(Resorcin-fuchsin stain, phase contrast composite z-stack
image, 100· objective magnification).
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and predict mechanical damage; they highlight poten-
tial therapeutic targets for slowing or reversing the
degenerative process; and they aid efforts to success-
fully engineer functionally accurate synthetic and bio-
logical tissue replacements. In this study, experimental
data are presented describing the nature and magni-
tude of the contributions made by elastic fibers to the
quasi-static tensile mechanical properties of the anulus
in the radial direction. This was achieved using a
combination of biochemically verified targeted enzy-
matic treatments combined with biomechanical tests.
Additionally, histological evidence of the structural
behavior of elastic fibers in radial deformation both
within collagen bundles and at lamellar interfaces is
presented.

Elastase treatment resulted in some unavoidable
non-specific degradation of collagen despite the inclu-
sion of soybean trypsin inhibitor. This small loss was

considered unlikely to have confounded results both
due to the significance of the observed changes in
mechanical properties and the fact that specimens were
tested perpendicular to the principle stress axis of the
collagen fibers. Additionally, a previous study using
similar techniques reported no effect on the mechanical
properties of pure collagen, despite minor biochemical
changes.28 As demonstrated by biochemical analyses,
degradation of matrix components by enzymatic
treatments was not absolute. Variability in the amount
of elastin (measured as desmosine) was particularly
high, making possible differences in results with both
region and condition more difficult to elucidate.
Anulus mechanical properties in the radial orientation
have been shown to be radially heterogeneous.11 The
fact that radial position was not strictly controlled may
have therefore contributed to the high variances asso-
ciated with pre-treatment mechanical properties. The
strain rate that was used for the quasi-static ramp tests
is comparatively high—as the anulus matrix comprises
both solid and fluid phases, a strain rate which exceeds
the maximum flow rate of the fluid phase may some-
what exaggerate the initial modulus of the solid phase.
This fact was considered unlikely to reflect on the
validity of the results due to the comparative nature of
the analyses. Additionally, there is evidence that the
tensile response of radial specimens is not strain rate
dependant.11 Finally, the sample size of eight inter-
vertebral discs was quite small, however the inclusion
of repeated measurements within each disc, and the
significance of the observed changes suggests that it
was sufficiently powerful to satisfy the core hypothesis.
It is possible that with slightly greater numbers, some
trends observed in regional and condition comparisons
may have become significant.

Modulus values determined in this study compare
favorably with those determined previously for radi-
ally oriented specimens, with any differences likely
attributable to dissimilarities in specimen preparation

FIGURE 7. Comparison of elastic fiber arrangements within the collagen bundles of loaded and unloaded specimens. (a) Elastic
fiber arrangement in a collagen bundle of a radial specimen under tensile strain (the same location shown in Fig. 6, but the image
has been binarised and inverted to highlight fiber alignments). (b) Elastic fiber arrangement in a collagen bundle of a specimen
subjected to zero strain. Original images were z-series projections taken from 30 lm-thick sections stained with resorcin-fuchsin
and imaged under phase contrast at 100 times objective magnification.

FIGURE 8. Bundles of elastic fibers, E, forming connections
between two collagen bundles in consecutive lamellae, L,
undergoing transverse separation, in a radial specimen under
strain (inset schematic shows loading direction) (Resorcin-
fuchsin stain, phase contrast composite z-stack image, 100·
objective magnification).
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techniques, and whether dimensions were measured
before or after saline equilibration.9,11,26 It is also
possible that the semi-qualitative nature of method
used to define the maximum strain, in which particular
care was taken not to exceed the yield strain of the
tissue, may have resulted in slight underestimation of
ultimate modulus, although the results of the repeat-
ability study suggest the technique was effective.
Importantly, modulus values are also comparable to
those determined for single lamellar, circumferential
plane specimens tested perpendicular to the collagen
fiber direction.17

Following treatment with elastase, specimens
exhibited large and significant reductions in initial and
ultimate modulus, and increases in extensibility. Fol-
lowing treatment with chondroitinase ABC, specimens
exhibited significant, although much more moderate
respective reductions in initial modulus and increases
in extensibility, and no significant change in ultimate
modulus. Respective decreases in modulus and in-
creases in extensibility following elastase treatment
suggest that elastic fibers function to guide and restrain
the deformation of the collagen matrix, and that on
their removal, collagenous elements are able to sepa-
rate and rearrange more easily and to a greater extent.

While previous studies have used enzymatic degra-
dation to demonstrate important relationships between
glycosaminoglycan content and compressive modulus
and permeability, this study is the first to demonstrate
that the tensile role of glycosaminoglycans is also sig-
nificant, specifically with respect to initial modulus and
extensibility.31,32 This suggests that any age related
decrease in glycosaminoglycan content may reduce the
shock-absorbing capacity of the anulus matrix in ten-
sion as well as compression. The role of glycosami-
noglycans appears to be distinct in nature and
magnitude from that of elastic fibers, which were found
to enhance initial elastic modulus and limit extensi-
bility to a greater extent, as well as maintain the
mechanical integrity of the collagen matrix at higher
relative stresses.

Extensibilities of untreated specimens (Fig. 4) were
generally greater than the mean radial tensile strains
which occur in the anulus during physiological loading
due to nuclear expansion and migration, which range
from 4.7 to 9.8% depending on circumferential posi-
tion, degenerative condition and loading modality.40

This suggests that physiological radial strains occur
predominantly within the initial toe region. Extensi-
bility was found to be significantly greater for pos-
terolateral specimens, both before and after elastase
treatment. This suggests that neither elastic fibers nor
glycosaminoglycans are directly responsible, and that
it is more likely to be a result of variations in collag-
enous architecture, which has been demonstrated to be

of greater complexity in the posterolateral region.41

This represents an important, and until now unre-
ported structure–function association, which may
reflect the greater, and more complex physiological
stresses and strains experienced by this region of the
anulus.8,34 Elastic fiber density was recently shown to
be greater in this region of the disc, possibly enabling
the matrix to recover from larger and more complex
deformations.36 This may represent a mechanobiolog-
ical or evolutionary response designed to enhance the
mechanical integrity in this region, a common site for
radial fissures leading to nuclear prolapse.16

The tensile mechanical properties of the anulus fi-
brosus at the tissue level have been shown previously
to exhibit dependence on degenerative condition: in the
circumferential orientation Poisson’s ratio, failure
stress, strain energy density, elastic modulus and fiber
reorientation are all influenced by degeneration.1,14

The results of this study extend these findings to the
radial orientation, demonstrating that both initial
modulus and ultimate modulus are higher for degen-
erate specimens. Physiologically, both radial and
circumferential strain magnitudes are greater in
degenerate discs.40 A consequence of higher physio-
logical strains combined with a stiffer matrix may be
the increased likelihood of mechanical damage mani-
fested as matrix cracking and delamination.19 It is
possible that these changes occur as a consequence of
the spatial alterations in stress distribution that occur
with degeneration.2 The elastin content of the anulus
has recently been shown to increase with degeneration,
possibly representing a functional adaptation to rein-
force collagen matrix cohesion in response to such
changes in stress distribution.6 Further studies are
required to determine whether this increase in elastin
occurs within collagen bundles, at lamellar interfaces
or both.

Our histological results are consistent with recent
observations that radial deformation occurs as a result
of both transverse bundle deformation and lamellar
separation.33 Within collagen bundles, elastic fibers
exhibited multiple patterns of rearrangement. Some
appeared long and straight, as if in tension, while
others appeared crumpled, as if in compression, sug-
gesting that they are capable of resisting strains applied
in multiple dimensions. At lamellar interfaces, bundles
of elastic fibers were observed linking separating
lamellae, suggesting they play a critical role main-
taining lamellar cohesion. Evidence that fatigue related
damage is commonly manifested as separation of
anulus lamellae highlights the potential importance of
these connections.20

While in this investigation radially oriented speci-
mens were studied, as implied by our hypothesis, the
results as they pertain to the functional role of elastic
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fibers may be equally applicable to any specimen
orientation where deformation occurs by way of
transverse separation and rearrangement of collage-
nous elements. The fact that quasi-static properties of
specimens oriented parallel to the circumferential
surface of the disc and tested perpendicular to the
collagen bundle direction are comparable to those
determined in this study supports this theory.17

Finally, our results provide the basis for the devel-
opment of new and improved material models to
accurately describe the mechanical behavior of the
intervertebral disc in terms of the individual contri-
butions of its extracellular constituents. A model was
recently proposed for the anulus fibrosus which in-
cluded terms representing the contributions of collagen
fibers, extrafibrillar ground matrix, and fiber–matrix
interactions provided by non-collagenous consitu-
ents.15 This model predicted that normal and shear
interactions regulated by these constituents contribute
significantly to multi-dimensional anulus fibrosus
mechanical behavior. The results presented here pro-
vide experimental evidence of the nature and extent of
that contribution, and identify elastic fibers as a major
interactive structural candidate. Further studies are
required to determine the nature and extent of their
contribution in other orientations.
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