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Abstract

Purpose To investigate the regional tensile properties of
human annulus fibrosus (AF) and relate them to magnetic
resonance imaging (MRI) findings.

Methods 44 human cadaveric lumbar spines were har-
vested (24 male, 20 female, aged 25-64 years). MRI was
used to identify Pfirrmann grade of disc degeneration, and
Modic changes (MCs). Intervertebral discs were then
removed and dissected into five regions: nucleus pulposus,
anterior AF, anterolateral AF, lateral AF, and posterolateral
AF. Samples for tensile testing (1.5 mm x 1.5 mm x
5 mm) were removed from inner, middle and outer parts of
each region.

Results 1969 specimens from 189 discs were stretched to
failure. Average tensile stiffness (modulus) increased from
4.80 MPa in the inner AF to 13.0 MPa in the outer AF.
Strength (UTS) increased similarly, from 1.18 to 3.29 MPa,
whereas elongation at failure decreased, from 49 to 38 %.
The only significant change with age was a reduction in UTS
in the middle annulus. In contrast, severe grades of disc
degeneration were associated with consistent and highly
significant reductions in tensile properties. Effects were
greatest in the outer AF, where stiffness and strength fell by
29 and 43 %, respectively. Modic changes also were asso-
ciated with reduced stiffness and strength, but here the
effects were greatest in the inner and middle AF.
Conclusion Weakening of degenerated AF may be
caused by accumulating structural defects, and enzymatic
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degradation. MRI has the potential to identify local
weakening of the AF.
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Introduction

The tensile mechanical properties of the annulus fibrosus
(AF) are clinically important, because tensile failure of the
AF can allow disc herniation to occur, and probably is an
irreversible step in the disc degeneration process [1].
However, less is known about the mechanical properties of
the AF than, for example, the properties of the adjacent
vertebral bodies. One of the underlying problems is that the
AF is a complex inhomogeneous and anisotropic laminated
structure, and its properties vary with location and direc-
tion, so it is difficult to reconcile information from different
studies.

The AF comprises 15-25 concentric lamellae of collagen
fibers embedded in a proteoglycan matrix. Annulus fibers are
oriented at 45°-65° to the spinal axis, with fibre direction
alternating between consecutive lamellae (Fig. 1). The AF
acts in tension to restrain the increasing fluid pressure in the
nucleus when the spine is compressed, and it is sufficiently
rigid to stabilise the spine by resisting bending, torsion and
shear. Typically the AF fails in tension, when combined
loading in compression and bending forces pressurised
nucleus tissue through a fissure growing radially outwards in
the AF, usually posterior to the nucleus [1]. Such a disc
herniation can cause back pain and sciatica.

Previous tensile tests of AF have shown that, even
though values of ultimate tensile stress (UTS) are
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Fig. 1 Cadaveric discs were divided into the following regions for
testing: nucleus pulposus (NP), anterior annulus (A), anterolateral
annulus (AL), lateral annulus (L) and posterolateral annulus (PL). The
posterior annulus (P) was generally too thin and disrupted for testing.
The inset image shows that small specimens were prepared approx-
imately parallel to one of the annulus fiber directions (indicated by the
blue line). Note that the curvature of annulus lamellae in an intact disc
is reduced when the disc is first divided into regions, and nucleus
pressure is lost. This altered geometry reduces collagen fibre
disruption in the small excised specimens

normalised for specimen size, UTS nevertheless increases
with specimen size, presumably because small excised
tissue samples involve greater disruption of the collagen
network [2]. Despite this complication, there is consistent
evidence that annulus UTS and modulus (normalised
stiffness) increase radially outwards, from the inner AF to
the disc periphery [3—6]. This can be attributed to the
increasing volume fraction of large and strong collagen
Type I fibres in the periphery [7]. Tensile properties also
increase in a direction parallel to the collagen fibres [8],
and are much reduced when lamellae are pulled apart in the
radial direction [9, 10] because such delamination is
resisted only by a small population of translamellar
bridging elements [11].

Radiological features of disc degeneration have been
extensively studied, but there is limited understanding of
how these features relate to the tensile properties of the AF.
There is even less certainty concerning the interacting
influences of age and degeneration on AF integrity.
Increasing age-related collagen cross-linking [12] makes
cartilage stiffer and stronger [13], but degeneration-related
collagen denaturation [14] and macroscopic disruptions in
lamellar structure [15] would weaken it.

The purpose of the present experiment is to determine
how the competing effects of age and degeneration (as
imaged by MRI) affect the regional tensile properties of the
human AF. Because of the complications mentioned above,
it was necessary to test a large number of specimens and to
allow for known regional variations in mechanical
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properties. We hypothesise that degenerative changes evi-
dent on MRI (Pfirrmann grade, and the presence of Modic
changes) are associated with specific changes in regional
tensile properties of the AF. By comparing AF properties
with MRI scans of the whole lumbar (cadaver) spine, the
study aimed to make it possible, for the first time, to esti-
mate AF integrity in an individual patient.

Materials and methods
Cadaveric material

Lumbar spines (T12-S1) were excised within 24 h of death
from 44 cadavers (24 male, 20 female, mean age 46 years,
range 25-64). Consent was managed by body donation
agreement. Cause of death was either stroke or heart attack,
and none of the subjects had a history of back surgery,
infection or malignant diseases, or prolonged bed rest
before death. Following X-ray and MRI, all intervertebral
discs were excised, wrapped in cling film to minimize
water loss, and stored at —20 °C.

Preparation of specimens

Each disc was divided with a scalpel into nucleus pulposus
(NP), anterior AF, anterolateral AF, lateral AF and pos-
terolateral AF. Each region was further divided into inner,
middle and outer parts (Fig. 1). The posterolateral AF was
only divided into inner and outer sub-regions because the
radius here is relatively small. AF from the posterior
midline was excluded because many samples were small,
disrupted and dehydrated. The innermost AF was defined
by the presence of the first discernible lamellae, and the
outer-most AF was defined by the presence of only lon-
gitudinal fibers from the longitudinal ligaments. A cutting
device with parallel razor blades was used to obtain
1.5 mm-thick slices of AF, from which specimens were
cut parallel to one of the fiber directions (Fig. 1). Tissue
was partially frozen so the geometry remained regular.
Specimens were wrapped in cling film to minimize water
loss. Then, cyanoacrylate adhesive was used to fix both
ends of each slice to strips of sandpaper with the rough
surface outside (Fig. 2) so it could be gripped securely.
The width, thickness and length (between sandpaper
edges) were designed to be 1.5 mm x 1.5 mm x 5 mm,
and the exact dimensions of each specimen were measured
after cutting and adhesion using a Vernier caliper (accu-
racy 0.1 mm). A digital display minimized specimen
deformation during measurement. To reduce errors, all
dimensions were measured twice (by two investigators)
and then averaged.
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Fig. 2 a Annulus specimen with folded strips of sandpaper glued to
both ends. Typical dimensions of specimen (between edges of
sandpaper) were 1.5 mm x 1.5 mm x 5 mm. b Annulus specimen
after testing showing irreversible (residual) extension, and focal
disruption (on the left). Black ink marks were used to reveal any
slipping between specimen and sandpaper

Tensile testing

Specimens were secured in the clamps of the computer-
controlled test machine with the accuracy of 0.01 mm and
0.001N (Z2.5, Zwick/Roell, Germany). A pre-tension of
0.0IN was applied by the test machine to define zero
elongation and to keep the specimens equally straight
before testing. To minimise dehydration, testing was
completed within 3 min, and a vaporizer (using physio-
logic saline) was used to increase humidity around the
specimen. Each specimen was preconditioned by being
stretched 4 times to ~20 % strain, and then stretched to
failure at 1 mm/s. A digital video camera (AF-S Micro
Nikkor 105 mm, D5100, Nikon, Japan) recorded tissue
deformation at 25 Hz. Images were used to check the
mode of tissue failure, to detect any slipping in sandpaper
or clamps, and to record specimen dimensions during
testing. Tension was recorded by a load cell, and speci-
men elongation was calculated from the separation of the
clamps. Force—deformation data were converted to stress-
strain data automatically using TestXpert II (V1.42,
Zwick/Roell, Germany). A typical stress-strain graph
(Fig. 3) comprises a ‘toe’ region, a linear region, and an
abrupt turning point, which marks the ultimate tensile
strength (UTS). Tensile modulus (stiffness) was calculated
as the gradient of the linear region. Strain (elongation)
was expressed as a percentage of initial length. Calcula-
tions were processed using Matlab (MathWorks, Natick,
MA).

Stress [MPa]

Strain [mm/mm]

Fig. 3 Typical stress-strain curve obtained when an annulus speci-
men (Fig. 2) was stretched to failure. Gradient of the linear region
indicates the specimen’s tensile modulus (normalised stiffness), and
the peak of the graph indicates specimen’s ultimate tensile strength
(UTS)

MRI scans

Scanning was performed with a GE Sigma CV/I(1.5T) using a
surface coil. Sagittal T1-weighted images were obtained using
repetition/echo times of 420/13 ms and a bandwidth of
140 Hz/Px, while T2-weighted images used 2300/105 ms and
160 Hz/Px. For both T1 and T2, the matrix size was
320 x 224 and field of view was 28 x 28 mm. Slice thick-
ness was 4 mm for both sagittal and transverse slices, while
the inter-slice gap was 1 mm. For each imaged lumbar spine,
there were 9 sagittal slices of T1- and T2-weighted images.

For evaluating disc degeneration and MCs, MR images
were independently viewed by an experienced radiologist
and an orthopedic surgeon, who were blinded to patient
information. A consensus was reached if there was initial
disagreement. Disc degeneration was graded initially from
1-5, according to Pfirrmann [16], and further classified as
‘normal’ (grade 1 and 2), ‘mild degeneration’ (grade 3) and
‘severe degeneration’ (grade 4 and 5). MCs were evaluated
with the criteria reported by Modic et al. [17].

Statistical analysis

Data were processed in Excel and transferred to SPSS 16.0
(SPSS Inc, Chicago, Ill). Specimens which slipped in the
clamps during testing were excluded, and an additional test was
performed on adjacent tissue. Spearman rank correlation was
used to quantify relationships between (a) average values of
stiffness or strength and (b) ordinal variables such as radial
location (inner, middle, outer), age range (20-29 years etc.),
spinal level, and disc region (anterior to posterolateral). Group
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t tests were used to compare mean properties of male and
female specimens, or those with and without MCs. Analysis of
variance (ANOVA) was used to compare tensile properties
between different grades of disc degeneration, with differences
between each grade being analyzed with least significant dif-
ference (LSD). p < 0.05 was defined as significantly different.

Results

Four discs were excluded because they were highly dehy-
drated during frozen storage. A total of 1969 specimens
were tested, from 189 discs from 44 cadavers (Table 1).

Table 1 Summary data concerning cadaveric discs

Degeneration Modic changes
Normal Mild Severe Non-MCs MCs
n 161 22 6 179 10
Gender
Male 102 13 1 112
Female 59 9 5 67
Spinal level
T11-T12 2 0 0 2 0
T12-L1 28 0 0 28 0
L1-L2 30 0 0 30 0
L2-L3 30 2 0 32 0
L3-L4 30 2 0 32 0
L4-L5 21 8 2 27 4
L5-S1 20 10 4 28 6
Age range
20-29 0 2 0 2 0
30-39 66 6 0 70 2
40-49 62 6 2 68 2
50-59 33 6 3 39 3
60-69 0 2 1 0 3

Gender, spinal level and age are compared to MRI-based evidence of
disc degeneration and Modic changes

Most failed in the central region between sandpaper grips
(Fig. 2). Average dimensions and tensile properties of all
AF specimens are summarised in Table 2. Modulus (stiff-
ness) increased steadily from 4.80 MPa in the inner AF to
13.0 MPa in the outer AF. Similarly, UTS (strength)
increased from 1.18 to 3.29 MPa, whereas maximum
elongation decreased, from 49 to 38 %. These effects are
all significant (p < 0.05).

Sub-group analyses (Table 3) showed that gender had
little effect on tensile properties (Tables 3, 5) so male and
female data were pooled. Data for each spinal level were so
similar that average values are not shown in Table 3.
Spearman rank correlation confirmed that spinal level had no
significant effect on tensile properties (Table 4), so data were
pooled for all levels. A comparison of disc regions showed
that strength and stiffness decreased from anterior to pos-
terolateral, although the effects were small (Table 3), and
significant only in the outer annulus (Table 4). Age-related
changes were small, and apparent differences in younger and
older specimens (Fig. 4) may be attributable to small spec-
imen numbers. The only significant age-related change was a
fall in UTS in the middle annulus (Table 4).

Disc degeneration and Modic changes (MCs) were most
common in L4-L5 and L5-S1 discs (Table 1). 10 discs
were adjacent to MCs (1 of Type I and 9 of Type II). Modic
Type I and II changes probably represent successive phases
of a continuous process [18], and differences between them
can be affected by MRI field strength [19], so both Types
were pooled. MCs and degeneration co-existed in 3 discs,
one at L4/L5 and two at L5/S1, and all three had mild
degeneration. Increasing grade of disc degeneration was
consistently associated with reduced modulus and UTS
(Table 3), with the greatest changes seen in severe
degeneration (Pfirrmann grades 4 and 5). The outer AF was
most affected, with modulus and UTS falling by 29 and
43 % (respectively), in ‘severely’ degenerated discs com-
pared to ‘normal’. Changes in the middle and outer AF
were significant (Table 5). Modic changes also were
associated with reduced tensile properties, but here the

Table 2 Summary of
dimensions and tensile

Inner annulus

Middle annulus Outer annulus

properties of all annulus
specimens

n
Length (mm)

Width (mm)
Thickness (mm)
X-sect. area (mm2)
Load at failure (N)
UTS (MPa)

Max. elongation (%)
Modulus (MPa)

714 538 717

4.99 £ 0.61 5.07 £ 0.59 5.04 £ 0.69

1.48 £ 0.34 1.50 £ 0.64 1.52 £ 0.28

1.24 £ 0.31 1.30 £ 0.28 1.32 £ 0.28

1.88 £ 0.79 1.99 £ 0.95 2.02 £ 0.66

229 £ 1.28 344 £ 2.14 4.75 £ 2.81

1.18 £ 0.69 1.82 £ 1.14 329 £ 152

49.3 £ 20.3 449 £ 13.1 38.1 £13.1

4.80 £ 2.28 8.36 £ 3.46 13.00 £+ 4.21

Values represent the mean £+ STD
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Tab}e 3 Sub—group analysis of Modulus (MPa) UTS (MPa)
tensile properties of the inner,
middle and outer annulus Inner Middle Outer Inner Middle Outer
Gender
Male 4.86 (2.41) 8.19(3.23) 1290 (4.55) 1.17 (0.77)  1.75(1.05) 3.19 (1.45)
Female 4.71 (2.04) 8.65(3.82) 13.17 (3.56) 1.19 (0.52) 1.93(1.29) 3.46 (1.61)
Disc region
Anterior 4.61 (2.45) 8.51 (4.05) 13.64 (4.84) 1.25(090) 1.92(1.35) 3.50 (1.84)
Anterolateral 2.07 (227) 853 (3.21) 1345@3.77) 1.19(0.54) 1.90 (1.15) 3.36 (1.28)
Lateral 2.11 (2.44) 8.03 (3.00) 12.78 (3.84) 1.19 (0.66) 1.62 (0.84) 3.20 (1.42)
Posterolateral ~ 4.45 (1.83) N/A 12.12 (4.11)  1.08 (0.57) N/A 3.10 (1.43)
Disc degeneration
Normal 4.85(2.30)  8.29 (3.12)  13.01 (4.15) 1.20 (0.69) 1.77 (1.00)  3.31 (1.42)
Mild 4.57 (2.00) 9.43 (5.84) 13.79 (4.73) 1.05 (0.60) 2.34 (2.05) 3.47 (2.27)
Severe 397 (2.36) 6.53 (2.24)  9.25(2.17) 1.05 (0.70)  1.51 (0.30)  1.89 (0.77)
Modic changes
No modic 4.83 (2.30) 843 (348) 1299 (4.11) 1.19 (0.69) 1.84 (1.15) 3.31 (1.44)
Modic 3.84(0.99) 6.04 (1.88) 13.41 (6.41) 0.84 (0.29) 1.15(0.37) 2.78 (2.96)

Values represent the mean (STD)

properties varied little with gender, spinal level or age, but
were greatly reduced in severely degenerated discs.

Table 4 Correlation between regional tensile properties of the
annulus, and age, spinal level, and disc region

Modulus UTS Changes associated with Pfirrmann grade of disc degen-
Imer  Middle Outer mer Middle Outer eration affected pfimaril){ the Ipiddle and outer AF,
whereas those associated with Modic changes affected only
Age the inner and middle AF.
cCc —-0.55 0.053 0.063 —-0.072 -0.117 —0.07
p 0.143 0219  0.091 0.053  0.007*%  0.061 Association with previous studies
Spinal level
CC 0017 —0.058 0053 —0.029 0.036 —0.041 Tensile strength of small samples of AF has been reported
p 0.659  0.18 0.158 0436 0402 0.276 to vary from 0.6 MPa [3] to 49 MPa [20], depending on
Disc region sample location, size and orientation, as well as on age and
CC —0.028 0.031 —0.106 —0052 —0.068 —0.077 degeneration. Values in the present study range from 0.84
p 0449 0475  0.004** 0162  0.118 0.040¢ to 3.50 MPa, which is consistent if the smaller specimen

size is taken into account. The increase in modulus and
UTS from inner to outer AF is also consistent with previ-
ous studies [3, 20-22]. Impaired tensile properties in old
and degenerated discs have been reported previously [10,
22] but the present study is able to show that degeneration
has a greater effect than age. This agrees with Acaroglu
et al. [22] who found that age is not significantly correlated
with the tensile properties of the AF, and with Skrzypiec
et al. [6] who reported age-related weakening of the AF
only in the outer AF in males. Some results from this latter
study have been combined with our own results in Fig. 4 to
suggest that aging probably has a weakening effect on
tensile properties after the 6th decade in life (Fig. 3). Our
finding that tensile properties decrease from anterior to
posterolateral regions (Table 3) agrees with Little et al. [9]
who reported that the posterior AF has the highest matrix

Significant correlations are shown in bold
CC Spearman rank correlation coefficient
* p <0.05; ** p <0.01)

effects were greatest in the inner and middle AF. In the
middle AF, modulus and UTS fell by 28 and 38 % (re-
spectively), in discs adjacent to MCs, and in the inner AF,
the falls were 20 and 29 %. These changes, depicted in
Fig. 5, were all highly significant (Table 5).

Discussion

Summary of findings

Stiffness and strength increased markedly from the inner to
outer AF, whereas maximum elongation decreased. These

tensile strength by clinical analysis, and with studies that
show degenerative changes are most severe in the
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Fig. 4 Bar chart showing how age (in decades) influenced stiffness
(modulus) and strength (UTS) in the outer (a), middle (b), and inner
(¢) annulus. Complementary data from Skrzypiec et al. [6] are shown
on the right side of the dotted line. Error bars indicate the SEM

posterolateral AF [1]. However, it is not compatible with
Lewis et al. [3], who found the lateral AF to have the
highest tensile modulus (measured by atomic force
microscopy).
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Explanation of results

Stiffness and strength increase from inner to outer AF because
of increasing density of Type I collagen in the disc periphery
[7]. Values are similar for males and females, and for all spinal
levels, because modulus and UTS are normalised for speci-
men size, and so do not reflect increased body size in men, or
increased spinal loading at L5-S1. Age probably has little
overall effect because of two opposing factors. Firstly, colla-
gen concentration increases with age [7], and individual col-
lagen fibres are strengthened by age-related increases in
molecular cross-linking [12]. Secondly, however, these bio-
chemical strengthening effects are opposed by small structural
defects in the AF which accumulate with age [15]. This second
effect may dominate the first in very old specimens, but the
maximum age of specimens in the present study was only
64 years. AF tensile properties decrease in severe disc
degeneration because this pathological condition is strongly
associated with increasing structural defects in the AF [1, 15]
which disturb force transduction and generate stress gradients
within the AF [24]. Degeneration is also associated with
increased activity of matrix-degrading enzymes [14], which
weaken the matrix directly, and reduce collagen cross-linking
by increasing collagen turnover [23]. Grade of degeneration
may have most effect on the outer AF (Table 3) because this
region is more easily disrupted by excessive forwards bending
and torsion [1]. Interestingly, modulus and UTS sometimes
increased slightly with mild disc degeneration (Table 3)
although this was not significant. This could be because
reduced hydration in mild degeneration stiffens the AF. Modic
changes (MCs) are associated with endplate damage which in
turn is linked to decompression of the disc nucleus and
increased load-bearing by the middle and inner AF [25]. This
could explain why these regions of AF are weakened in discs
adjacent to MCs.

Strengths and weaknesses

This is the first study to compare MRI evidence of disc
degeneration with tensile properties of the AF. The large
number of discs tested, and the restricted age-range
(25-64 years) made it possible to distinguish between the
effects of ageing and degeneration, and the large number of
samples from each disc ensured that results would not be
confounded by regional variations in tensile properties.
Specimen orientation (parallel to the predominant fiber
direction) and size were chosen to enable good spatial reso-
lution of materials properties, but without the excessive
degradation of properties which occurs when very small
samples are used [2]. A shortcoming of our research is that the
number of discs is relatively small compared to clinical
studies. Another is that the discs were tested following death
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Table 5 Influence of gender
(male/female), disc
degeneration (normal/mild/
severe), and modic changes (no
modic/modic) on regional
tensile properties of the annulus

Modulus UTS

Inner Middle Outer Inner Middle Outer
Gender 0.38 0.144 0.379 0.767 0.094 0.020%*
Degeneration 0.25 0.017* 0.001** 0.19 0.002%%* 0.001*%*
Modic Cs <0.001%* 0.008%* 0.745 <0.001** <0.001** 0.087

Sub-groups were compared using group ¢ tests (gender, modic changes) or ANOVA (degeneration). Values

represent probabilities

Significant differences are shown in bold

* p < 0.05; ** p < 0.01

(a) E3 Normal
E3 Mild Degeneration
BE3 Severe Degeneration
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Fig. 5 Bar chart showing how MRI evidence of disc degeneration
influenced annulus tensile properties. a stiffness (modulus) and grade
of disc degeneration, b strength (UTS) and grade of disc

and frozen storage. However, these processes have little effect
on the mechanical properties of the annulus [1], and frozen
specimens are required to obtain precise dimensions. Some
specimen dehydration may have occurred during testing, but
this was less than 10 % in similar experiments, and considered
unlikely to have much effect on tensile properties [6].

Conclusion
Increasing age does not greatly reduce the tensile proper-

ties of the AF because the weakening effect of propagating
annulus defects is opposed by strengthening effects arising

B3 Normal
E=3 Mild Degeneration
E3 Severe Degeneration

*%

—_
(=
N

Ultimate tensile stress (MPa)

—_
Q.
~

8 - B3 non-MCs
B3 MCs

Ultimate tensile stress (MPa)

S N
\Q& \gp ¥

degeneration, ¢ stiffness (modulus) and modic changes, d strength
(UTS) and Modic changes. Significant differences are indicated
*(p < 0.05) or **(p < 0.01)

from increased collagen content and cross-linking. With
increasing disc degeneration, however, the former effect
dominates the latter, and is assisted by enzymatic matrix
breakdown, so the AF becomes softer and weaker. Effects
are greatest in the outer AF because it is more easily dis-
rupted by excessive forwards bending and torsion. In
contrast, Modic changes (MCs) are associated with end-
plate damage and nucleus decompression, which lead to
increased load-bearing by the middle and inner AF, and
hence to reduced tensile properties in these regions. Clin-
ical MRI scans can reveal the presence of severe disc
degeneration, and also MCs, so they have the potential to
predict reduced tensile properties in all regions of the AF.
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