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Abstract

Purpose To determine whether the annulus of lumbar intervertebral discs contains circumferential specialization in collagen
nanostructure and assess whether this coincides with functional differences in macroscale material properties.

Methods Anterior and posterior disc wall samples were prepared from 38 mature ovine lumbar segments. Regional differ-
ences in molecular thermal stability and intermolecular network integrity of the annulus’ tension-bearing collagen fibres
were examined with hydrothermal isometric tension (HIT) analysis, with and without preceding NaBH, treatment to stabi-
lize labile crosslinks. Energetics of collagen denaturation were studied by differential scanning calorimetry (DSC). Tensile
mechanics of annular lamellae were studied using oblique sagittal bone-disc-bone samples loaded to rupture. Annular failure
characteristics of the ruptured test segments were compared via microscopy of serial sections.

Results HIT showed that tension-bearing collagen fibres of the posterior annulus were composed of collagen molecules
with significantly greater thermal stability and intermolecular network integrity than those of the anterior annulus. NaBH,
treatment confirmed that labile intermolecular crosslinks did not significantly contribute to network integrity in either region.
Regional differences seen in DSC were smaller than those observed in HIT, indicating structural similarities in annular
collagen outside of the main fibre bundles. Mechanical testing showed that the posterior annulus was significantly weaker
than the anterior annulus. For both regions, ultimate tensile strengths of annular fibres were significantly greater than those
previously reported. Ruptures in both regions were predominantly due to annular failure.

Conclusion Specializations in collagen nanostructure exist between different circumferential regions of the annulus and
coincide with significant differences in material properties.
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Introduction

From a microstructural standpoint, the posterior region of
the lumbar disc wall seems ill-equipped to undertake its
functional duty when compared to other circumferential
regions. In terms of function, the posterior region is clearly
charged with the most important job of all circumferential
regions: to protect the spinal cord and nerve roots from
mechanical compression or chemical irritation by migrat-
ing nuclear material. This requirement is made difficult by
the common postures adopted during daily living. Bending
at the waist flexes the spine, forcing the nucleus back against
the posterior annulus [1, 2]. Despite knowing we ought not
to, frequently enough one finds themselves applying force
via the arms in this posture, perhaps lifting a child from the
floor or pulling a tire iron, further pressurizing the nucleus
[3]. Adding a slight twist places the posterior disc wall in
additional jeopardy [4, 5], further straining those annular
fibres oriented in the twist’s direction and simultaneously
increasing their responsibility for restraining the nucleus as
counter-oriented annular fibres are relaxed. Given the level
of disability that can result from failure, one would think
that the posterior annulus would have evolved a robust struc-
ture to accommodate these frequently encountered loading
scenarios.

Compared to other circumferential regions, the posterior
annulus cannot be described as possessing a particularly
robust microstructure. In relation to the anterior annulus, the
posterior annulus contains significantly fewer lamellae [6]
and is significantly thinner in total radial depth [7]. With the
most slender portion of the disc wall experiencing significant
functional loading [8], it is somewhat surprising that the
incidence of structural damage to the disc’s posterior is not
greater. For instance, Moore et al. [9] examined parasagittal
sections of 383 lumbar discs and found no difference in the
incidence of rim lesions or radial tears between the anterior
and posterior annulus. Osti et al. [10] similarly examined
135 discs and, while noting more radial tears in the poste-
rior than anterior annulus, also noted that circumferential
tears were seen equally in both regions and that rim lesions
occurred more frequently in the anterior. Vernon-Roberts
et al. [11] mapped structural alterations at L4-5 using par-
asagittal sections from 70 discs and noted only modestly
higher incidences of radial tears, circumferential tears, and
rim lesions in the posterior versus anterior disc wall at all
ages.

Specialization of collagenous tissues to particular
mechanical loading regimes often extends beyond the
microscale, to smaller structural levels within the collagen
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hierarchy. For example, within the four valves of the heart,
the molecular packing density of collagen varies according
to the in vivo transvalvular pressure supported [12]. Ana-
tomically proximate tendons that support differing in vivo
loads show several significant differences in collagen nano-
structure, including differences in collagen fibril diameter,
molecular packing, and intermolecular crosslinking [13,
14]. Such nanostructural differences are accompanied by
functional differences in collagen fibril mechanics and
structural disruption resistance [15—17], which at the mac-
roscale appear to directly influence properties such as fatigue
resistance [13, 18].

For the intervertebral disc annulus, there are limited data
available on whether collagen nanostructure varies with cir-
cumferential region and hence how differences in annular
microstructure may be buttressed at finer levels of the col-
lagen hierarchy in order to help meet functional demands.
The current study was designed to determine whether the
disc annulus does show any circumferential specialization
in collagen nanostructure, and provide a better assessment of
whether any such specializations are accompanied by func-
tional differences in macroscale material properties. We find
that significant differences in collagen nanostructure exist
between the anterior and posterior annulus and that these
differences coincide with large differences in resistance to
tensile rupture.

Materials and methods

All numerical data are given as mean + standard deviation.

Lumbear spines of mature ewes at least two years old were
collected from a local abattoir within 24 h of slaughter.
Spines were dissected into vertebra-disc-vertebra segments,
wrapped in phosphate-buffered saline (PBS)-soaked gauze,
and stored in freezer bags at— 86 °C to await the sample
preparations described below.

Hydrothermal isometric tension (HIT) analysis

HIT analysis was used to explore whether differences in col-
lagen molecule stability and intermolecular network integ-
rity exist between anterior and posterior regions of the disc
wall.

Native samples

The L1-2 and L5-6 discs of ten spines were used (n=10).
Spinal segments were retrieved from storage at — 86 °C and
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thawed to room temperature. Residual soft tissues attached
to the disc were carefully removed by scalpel, including the
posterior longitudinal ligament. Using a miniature hacksaw,
oblique sagittal bone-disc-bone samples were removed from
the anterior and posterior regions of each segment, with cuts
oriented parallel to the angle of annular fibres at the disc
periphery (Fig. 1). The angle of the oblique cuts, measured
using a digital bevel, was 32° + 5° from the transverse plane
for anterior samples, and 39° +5° from the transverse plane
for posterior samples, consistent with previously reported
values for the annular fibre inclination [19]. The average
circumferential width and radial depth of the prepared sam-
ples were 3.22+0.54 mm and 5.21 + 1.15 mm, respectively.

HIT analysis was performed using a custom-built appa-
ratus similar to that described previously by Lee et al. [20].
Briefly, each bone-disc-bone sample was longitudinally sus-
pended between a load cell and fixed support using small
clamps attached to the bone at either end. Mounted samples
were then submerged in a bath of room-temperature dis-
tilled, deionized water. A tensile preload of 60 g was applied
to each sample, after which samples remained isometrically
constrained for the remainder of the test. Using a hot plate,
the water bath was gradually heated to 90 °C and maintained
under computer-controlled isotherm at this temperature
for five hours while time, temperature, and load data were
recorded at 0.2 Hz.

HIT data were analysed to determine each sample’s dena-
turation temperature, 7y, and half-time of load decay, ¢,,.
Denaturation temperature, a measure of collagen molecular
stability, was marked in the temperature ramp data by the
start of pronounced tensile load generation with increasing
temperature (Fig. 2). Half-time of load decay, a measure of
intermolecular network integrity, was calculated using the
isothermal data by fitting a 5000-s data interval with a Max-
well decay (Fig. 3), as previously described [12].

Of the 40 samples prepared, four samples slipped dur-
ing testing leaving 36 measurements of denaturation tem-
perature. An additional four anterior samples were too large,
requiring that the tests be terminated prior to the isothermal
segment in order to avoid overloading the load cells.

NaBH,-treated samples

To assess whether divalent, thermally labile crosslinks con-
tributed to intermolecular network integrity in either region,
HIT tests were also run using anterior and posterior sam-
ples that had been treated with the crosslink reducing agent
sodium borohydride (NaBH,).

The L1-2 and L2-3 discs from five spines were used
(n=15). Samples were prepared as described above for the
native samples (Fig. 1). The average circumferential width
and radial depth of the samples were 3.50 +0.56 mm and
4.40 +0.49 mm, respectively. From each spine, samples

from the L1-2 disc were treated with NaBH, following the
procedure previously described by Wells et al. [21]. Samples
from the L2-3 discs served as animal-paired, untreated con-
trols. NaBH, treatment consisted of four 15-min washes in
100 mL borate buffer solution containing 0.1 mg/mL NaBH,
(pH=9.0) under constant agitation at 4 °C, followed by three
10-min agitated rinses in distilled, deionized water at 4 °C.
Matching samples from L.2-3 discs underwent the same
process, but without NaBH, added to the borate buffer. To
ensure efficacy of the NaBH, treatment, samples of bovine
forelimb digital extensor tendon, known to contain predomi-
nantly thermally labile crosslinks [13], were also prepared
(Supplementary Figure S1). All samples then underwent
HIT analysis as described above.

Differential scanning calorimetry (DSC)

DSC was used to explore further variations in collagen
molecular stability within the annulus, with radial depth
examined in addition to circumferential location.

The L4-5 or L5-6 discs from ten spines were used
(n=10). Anterior and posterior bone-disc-bone samples
were prepared as described for the HIT samples (Fig. 1).
Posterior samples measured 4.8 +0.5 mm in the circum-
ferential direction and 5.2 +0.6 mm in the radial direction.
The same measurements for the anterior samples were
4.9+0.7 mm and 6.9 +0.7 mm. After overnight storage at
4 °C in distilled, deionized water, samples were further dis-
sected in preparation for DSC. The annulus of each sample
was first isolated from the superior and inferior endplates
using a razor blade. Posterior samples were divided in
half by a coronal cut, producing inner posterior and outer
posterior samples. To account for their larger radial depth,
anterior samples were similarly cut but in thirds, the mid-
dle third of which was discarded leaving inner anterior and
outer anterior samples. From each of the four sampling loca-
tions, small subsamples were cut, weighed (average mass
10.42 +1.30 mg), and gently pressed into the bottom of alu-
minium DSC sample pans. Pans were hermetically sealed
and run against an empty pan using a Q200 differential scan-
ning calorimeter (TA Instruments, New Castle, DE) from
30 to 90 °C at 5 °C/min. On completion, sample pans were
pierced and dried under vacuum. Weight measurements were
taken every 24 h until stable in order to calculate each sam-
ple’s dry mass.

DSC data were analysed using Universal Analysis 2000
software (version 4.5A, TA Instruments), with the following
parameters extracted for each endotherm (Fig. 4): onset tem-
perature (7, ,), peak temperature (7},,), full width at half
maximum (FWHM), and specific enthalpy of denaturation
calculated using dry sample mass (A#). Results from repli-
cate subsamples were averaged prior to statistical analysis.
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Fig. 1 Preparation of samples
for hydrothermal isometric
tension (HIT) analysis and
mechanical testing. For HIT
and mechanical testing, both the
anterior and posterior portions
of each disc were prepared and
tested, with subsequent statisti-
cal analyses performed using
these disc-matched pairings.
For DSC, sample preparation
proceeded as shown for HIT
but with additional cuts made
to isolate the annulus from the
attached pieces of vertebrae,
and then to subdivide the iso-
lated annulus by radial depth

@ Springer

HIT
sample preparation

!

radial circumferential

depth A . Width

HIT
sample

Mechanical test
sample preparation

circumferential width

Mechancial test

$
X5 \sample
razor cut
After rupture

Crysectioned for
microscopy

radial depth

Ruptured Unloaded
section section



European Spine Journal

A 350

300 —

250 —

200+
Anterior

Load (g)

150 7

100 y, Posterior

50 Ff‘/

Ty

50 55 60 65 70 75 80 85
Temperature (°C)

B 75
Level: p=0.1391

g Region: p < 0.0001
o Level*Region: p = 0.7809 p < 0.0001
K 704
g
2
o
g
£ 65
@
c
K]
g
2 60+
©
c
o)
o

55—

L5-6 L1-2 L5-6 L1-2 All
Anterior Posterior Ant. Post.

Fig.2 Thermal stability of collagen molecules making up the poste-
rior annulus was significantly greater than for those making up the
anterior annulus, regardless of lumbar disc level. a Representative
HIT responses showing thermal stability measurements via dena-
turation temperature (7,) for anterior and posterior samples from the
same L1-2 disc. b Results of the two-way mixed model ANOVA are
shown inset. With neither the factor of level nor the interaction term
significant, data after pooling of levels is shown on the right with cor-
responding significance for disc-matched-pair 7-test

Mechanical testing and light microscopy

Tensile mechanical properties of the anterior and posterior
disc wall were assessed using bone-disc-bone samples pulled
to rupture, with tension applied parallel to the peripheral
annular fibre direction. Ruptured samples were processed
into serial cryosections, and failure characteristics were
assessed using standard bright-field microscopy.

The L5-6 or L6—7 discs from 13 spines were used
for mechanical testing (n=13). Vertebra-disc-vertebra
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Fig.3 Collagen intermolecular network integrity, as measured by the isother-
mal HIT parameter ¢,,, was significantly greater in the posterior than anterior
annulus. a Representative HIT responses during the isotherm showing calcula-
tion of ¢, for the anterior and posterior portions of a L1-2 disc. b Isothermal
t,, data for native samples. ¢ Treating samples with NaBH, to retain thermally
labile crosslinks during the 90 °C isotherm did not significantly alter #,/,, dem-
onstrating that if present, these crosslinks do not meaningfully contribute to
intermolecular network integrity within the annulus
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Fig.4 Unlike HIT, which preferentially measures tension-bearing »

collagen, fewer regional differences were seen in DSC, which meas-
ures the melting energetics of all collagen within a sample regardless
of mechanical function. a Representative DSC responses for samples
from the same L5-6 disc. b Minimum collagen thermal stability only
varied by radial depth. ¢ Thermal stability at maximum heat flow var-
ied by region, but the difference was not significant when samples
from both radial depths were pooled. d The outer anterior annulus
consisted of more homogenously structured collagen, as indicated by
FWHM

segments were thawed and residual soft tissues attached
to the disc carefully removed by scalpel, including the
posterior longitudinal ligament. Each segment was cut
coronally using a miniature hacksaw, producing anterior
and posterior samples. For the purpose of mounting sam-
ples and defining the direction of applied tension, two
5.2-mm-diameter holes were drilled through the superior
and inferior vertebral bone with a sagittal offset such that
alignment of the holes matched the peripheral fibre ori-
entation of the annulus (Fig. 1). The lateral sides of the
annulus were then severed using razor blades, isolating
the portion of the annulus located between the mounting
holes. On severing the annulus, each blade was tempo-
rarily left in position for the purpose of measuring the
sample’s circumferential width, taken as separation dis-
tance between the two blades. Circumferential width was
3.15+0.42 mm for posterior samples and 2.03 +0.18 mm
for anterior samples.

Mechanical testing was conducted using a servo-hydrau-
lic materials testing system (458 series, MTS, Eden Prairie,
MN), with sample hydration maintained via drip-feed of
room-temperature PBS. Samples were secured into the sys-
tem by passing a S-mm-diameter pin through each mounting
hole. Samples were pulled to failure at 0.01 mm/s, while
time, displacement, and force data were recorded at 20 Hz.
Tests were video-recorded in order to identify cases where
vertebral failure at the mounting holes occurred, which hap-
pened in two samples. These two samples were excluded
from the results.

Following mechanical testing, samples were fixed in 10%
neutral-buffered formalin and decalcified in 10% formic
acid. Decalcified samples were frozen in liquid nitrogen and
cryosectioned using a sliding microtome (model SM2000R,
Leica Biosystems, Buffalo Grove, IL) to produce ~30-um-
thick oblique sagittal sections of both the ruptured disc wall
and adjacent untested region (Fig. 1). During cryosectioning,
samples were oriented with the section plane parallel to the
direction of applied tension during mechanical testing. As
a result, lamellar fibres that were in-plane with the applied
load were also in-plane in the resulting cryosections. Cryo-
sections were wet mounted and examined unstained using
a Nikon Eclipse E600 light microscope with 10-megapixel
digital camera.
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In order to calculate annular stress during mechanical
testing, cryosections adjacent to the tested region of each
sample were used to measure the radial thickness of the
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annulus (Fig. 1; Supplementary Figure S2). Measurements
were made using ImagelJ software (version 1.51j8, National
Institutes of Health, USA) on panoramic images assembled
using PTGui software (version 10.0.15 Pro, New House
Internet Services BV, Netherlands). Measurements from
multiple cryosections were averaged to provide a single
measurement of radial annular thickness for each sample.

Cryosections were also used to confirm skeletal matu-
rity of the spines used. Samples that were found to contain
unfused or partially fused vertebral growth plates (three
samples) were excluded from the results.

Analysis of mechanical data was done using Microsoft
Excel. Stiffness was calculated as the slope of the linear
region of the force—displacement response. Stresses were
calculated by dividing force data by each sample’s circum-
ferential width (measured before testing) and radial thick-
ness of the annulus (measured after testing, using cryo-
sections taken adjacent to the test region). The ultimate
tensile strength was the maximum stress recorded. Tension
strength of the disc wall was calculated as the maximum
force recorded divided by circumferential width.

Statistics

Statistical analyses were conducted using JMP software (ver-
sion 14, SAS Institute, Cary, NC). Differences between disc
levels and annular regions for native HIT samples and DSC
samples were assessed using full-factorial, two-way mixed
model ANOVA with animal of origin set as the random
effect. For the NaBH-treated and untreated HIT samples,
analysis was similar but using the factors annular region and
treatment. In cases where the residuals of the model were not
normally distributed as determined by Shapiro—Wilk test, the
ANOVA was redone using rank transformed data. As appro-
priate based on ANOVA results and normality of the data,
post hoc testing was done by matched-pair # test or Wilcoxon
signed-rank test. For mechanical data, differences between
anterior and posterior samples were tested using matched-
pair ¢ tests. After assessment of sample failure mode by light
microscopy, differences in failure modes between anterior
and posterior samples were compared using Fisher’s exact
test. Differences with p <0.05 were considered statistically
significant.

Results

Analysis of bone-disc-bone segments using HIT showed
that significant differences exist between the collagen
nanostructures of the posterior and anterior annulus and
that these differences extend over the lumbar spine from
L5-6 to L1-2. Denaturation temperature in HIT is a meas-
ure of collagen molecular stability, marking the energetic

threshold to dissociation of molecular a-chains and sub-
sequent entropically driven generation of tension [20, 22].
At L5-6, samples of anterior annulus had a denaturation
temperature of 62.1 + 1.2 °C while those from the posterior
annulus had a denaturation temperature over 4.5 °C higher
at 66.8 +2.1 °C—a very large difference, in excess of that
seen in some tissues throughout development [21]. Similar
results were seen at L1-2 (Fig. 2), with statistical analyses
confirming no difference between levels, but a significant
difference between annular regions (p <0.0001).

Half-time of load decay in HIT, calculated from the iso-
thermal portion of the test, measures intermolecular net-
work integrity of tension-bearing elements within a tissue.
With peptide bond hydrolysis gradually occurring along
the a-chains of collagen molecules when temperature is
held at 90 °C, load decay occurs more gradually in tissues
with greater thermally-stable intermolecular crosslinking
[23, 24]. For the native samples tested, load decay in the
posterior annulus occurred significantly more slowly than
in the anterior annulus (¢, of 32.7 + 23.7 h for posterior
vs. 9.4 +4.6 h for anterior; p=0.0156), with no difference
between the L5—-6 and L1-2 levels (Fig. 3a, b).

With the possibility of divalent aldimine crosslinks exist-
ing in the annulus, which are heat labile at temperatures well
below 90 °C [13, 25, 26], additional L1-2 samples were
tested after treatment using NaBH,, which converts these
crosslinks to a heat-stable form [25]. Half-times of load
decay for NaBH,-treated L1-2 samples were similar to those
of untreated L2-3 samples from the same spine (Fig. 3c).
Regardless of treatment, significant differences in load decay
were again observed between anterior and posterior regions
(»=0.0004), confirming that the total intermolecular net-
work integrity of tension-bearing collagen is greater within
the posterior than anterior annulus.

As a compliment to HIT, which only assesses collagen
contributing to the tensile load-bearing ability of a sample,
DSC assesses the denaturation energetics of all collagen
present within a sample regardless of orientation. Repre-
sentative DSC endotherms from the sample groups assessed
are shown in Fig. 4a. Minimum collagen molecular stabil-
ity, measured by onset temperature, was lower in the inner
annulus than outer annulus, with no difference between
circumferential regions (Fig. 4b). Peak temperature, which
measures molecular stability at maximum heat absorp-
tion, only showed variation with circumferential region,
though the posterior annulus was not significantly more sta-
ble than anterior annulus when results from the inner and
outer radial depths were pooled (Fig. 4c). Endotherm full-
width at half-maximum measures the level of heterogeneity
amongst collagen molecules within a sample, with larger
FWHM values indicating a greater dispersion of thermal
stabilities. The level of molecular heterogeneity in the outer
posterior annulus was significantly greater than in the outer
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anterior annulus (p =0.0249; Fig. 4d). Within the anterior
annulus only, molecular heterogeneity was reduced moving
from inner annulus to outer annulus (p =0.0016). Specific
enthalpy of denaturation did not vary significantly with
either circumferential region (p =0.9547) or radial depth
(p=0.8433).
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Fig.5 Representative stress—displacement responses for anterior (a)
and posterior (b) samples from the same L6—7 disc. Bone-disc-bone
samples were tested, with tension applied parallel to the peripheral
annular fibre orientation. Visible at the top of the plot for the anterior
sample are multiple failure events, likely corresponding to sequential
failure of fibres from the different in-plane lamellae (i.e. those lamel-
lae with fibres inclined in the direction of applied tension)

Molecular-level differences in collagen structure between
anterior and posterior regions of the annulus were accom-
panied by significant differences in macroscale mechanics.
Representative stress—displacement plots of anterior and
posterior bone-disc-bone segments pulled to rupture with
tension applied parallel to the peripheral annular fibre direc-
tion are shown in Fig. 5. Ultimate tensile strength of the
anterior disc wall was 19.2 +4.0 MPa, significantly greater
than that of the posterior disc wall at 12.5+3.3 (p=0.0312;
Table 1). This already large difference in material proper-
ties was amplified to a threefold difference between anterior
and posterior regions when annular thickness was used to
calculate tension strength of the disc wall per unit of circum-
ferential length: tension strength for the anterior disc wall
was 158.0+38.4 N/m versus only 51.4+11.7 for the poste-
rior disc wall (p =0.0005). No differences in linear stiffness
existed between regions.

Mechanical test samples were cryosectioned and exam-
ined unstained and hydrated. Microscopy confirmed that
samples had experienced failure within the disc wall, rather
than failure by vertebral avulsion. Failure characteristics
of the disc wall were similar between anterior and poste-
rior samples. In both regions, the majority of failures were
caused by rupture of the tension-carrying in-plane lamella
fibres within the disc (Fig. 6). Failure of in-plane fibres at
the annulus/cartilage endplate junction or cartilage/verte-
bral endplate junction was relatively rare, occurring in only
3 of 16 samples (Table 2; Supplementary Figure S3). An
interesting feature observed in all anterior and posterior
samples was significant damage to those lamellae made
up of fibres that were out-of-plane with the applied tensile
load, i.e. those that appeared in cross-section in the cryo-
sections. Large segments or isolated portions of cross-sec-
tioned lamellae were often missing (Figs. 7, 8), indicating
the occurrence of significant damage to both these lamellae
and the adjacent interlamellar junctions. Surprisingly, in
many cases this damage extended down to and through the
calcified cartilage endplate (arrows in Figs. 7b, 8).

Table 1 Structural and material
properties of anterior and

Anterior disc wall Posterior disc wall

posterior regions of the ovine
lumbar disc wall

Annular thickness (mm)
Stiffness (kN/m)

Linear slope of stress—displacement

curve (GPa/m)
Tension strength (kN/m)
Ultimate tensile strength (MPa)

8.2+0.6 42+05 p<0.0001
190.1+48.0 175.3+20.1 p=0.8690
11.9+2.7 13.3+3.7 p=0.4974
158.0+£38.4 S514+11.7 p=0.0005
19.2+4.0 12.5+3.3 p=0.0312

Sample size n=38 for both groups (of the 13 samples prepared, two were excluded due to vertebral facture
at the mounting holes, and three were excluded for lack of skeletal maturity shown by the presence of par-
tially fused growth plates during microscopy). Tension strength is calculated as the maximum force per

unit circumferential width

Bold values indicates statistically significant differences of P-values
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Fig.6 The majority of samples
tested (7/8 anterior and 6/8
posterior) failed by rupture of
annular fibres rather than fibre
pull-out at the endplate, as
shown for these anterior (a) and
posterior (b) samples. Samples
were oriented during cryosec-
tioning such that the annular
fibres that were aligned with
the applied tensile load appear
in-plane (IP). Lamellae with
fibres that were oriented away
from the applied load appear in
cross-section (CS). DP indicates
the side of the sample at the
disc periphery

Discussion

The basic microstructural properties of the lumbar disc
annulus are known to vary with circumferential location.
Total annular thickness, number of lamellae, and lamella

Tensile rupture of Anterior disc wall
(tensile load applied parallel to in-plane (IP) lamellae)

g

Tensile rupture of Posterior disc wall
(tensile load applied parallel to in-plane (IP) lamellae)

DP

fibre orientation all change moving around the annulus from
anterior to posterior [6, 7, 27]. In this study, we have shown
that circumferential specialization within annular collagen
goes far beyond this, with significant differences in colla-
gen nanostructure present between the disc’s anterior and
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Table 2 Similar microstructural damage features were observed in
anterior and posterior disc wall samples after tension-to-rupture test-
ing

Anterior disc wall Posterior

disc wall
Rupture of lamellae near mid-disc 8of8 8of8
height
Interlamellar disruption 8 of 8 8 of 8
In-plane lamella pull-out at endplate® 1 of 8 20of 8
Localized damage to cartilage end- S5of8 7of8

plate

In-plane lamellae were those containing fibres orientated parallel to
the applied tensile load during mechanical testing

posterior. The collagen fibre bundles making up the posterior
lamellae are composed of collagen molecules with signifi-
cantly greater intermolecular network integrity than those
forming the anterior annular lamellae. Collagen molecules
in the tension-bearing fibre bundles of the posterior annulus
also possess significantly greater thermal stability than those
in the anterior annulus, indicating important regional differ-
ences in the molecular packing structure of collagen fibrils
between the two regions. Coincident with differences in col-
lagen nanostructure, significant differences in ultimate ten-
sile strength between the anterior and posterior disc wall also
exist. Interestingly, despite the posterior annulus being com-
posed of collagen molecules with greater network integrity
and stability, the anterior annulus is significantly stronger.
While somewhat counterintuitive, similar results have been
reported elsewhere for functionally distinct tissues.

The thermal stability of collagen molecules is dependent
on lateral molecular packing density. As isolated monomers,
collagen molecules become thermally unstable near 37 °C,
undergoing denaturation of the triple helix into random
a-chain coils [28]. When packed into a collagen fibril, the
conformational entropy of molecules is limited [29], increas-
ing thermal stability by 10 to 15 °C [30]. Intermolecular
crosslinking can further increase molecular thermal stabil-
ity by laterally drawing the adjacent molecules of a fibril
together, further decreasing conformational entropy [31]. In
the current work, we used two complimentary techniques
to measure molecular stability: DSC and HIT. While both
techniques measure thermal stability, they do not provide
the same information. DSC measures the energetics of the
triple helix to random coil denaturation transition for all col-
lagen within a tissue sample [32]. In contrast, HIT meas-
ures the initiation of entropically driven contraction upon
denaturation for only those molecules that can contribute to
axial tension within a sample [33]. The samples prepared for
HIT in this study were cut and mounted parallel to one of
the annular fibre directions, and hence the tension-bearing
annular fibres in this orientation would have preferentially

@ Springer

contributed to the signal observed. Matched-pair samples
from the anterior and posterior annulus differed in HIT
denaturation temperature by an average of 4.6 °C (Fig. 2).
In addition to being statistically significant, the magnitude
of this difference is large with respect to differences in T
previously seen between other connective tissues of vary-
ing age or function. For example, from foetal development
through to adulthood, collagen in the ovine thoracic aorta
varies in HIT denaturation temperature by 3.5 °C [21]. In
the bovine heart, mitral transvalvular pressure is 144 mmHg,
while pulmonary transvalvular pressure is only 12 mmHg.
HIT collagen denaturation temperatures in these two tissues
differ by 2.7 °C [12]. A similar difference of 2.7 °C is seen
between bovine tendons that experience large differences in
maximum in vivo stress [13]. That the difference in colla-
gen denaturation temperatures for the anterior and posterior
annulus exceeds these is remarkable.

Compared to the dramatic differences seen in thermal sta-
bility by HIT, assessments by DSC showed much smaller
differences (Fig. 4), with endotherm onset temperature only
differing with radial depth and the difference in peak tem-
perature by circumferential region failing to reach signifi-
cance when samples from both radial depths were pooled.
Lack of correspondence between HIT and DSC measure-
ments of thermal stability is not unexpected, as collagen
that makes up interlamellar matrix and bridging elements
would contribute to signal in DSC but not substantially in
HIT. That smaller differences were observed in DSC may
indicate structural similarities in these components between
regions. While the observed differences in endotherm full
width at half maximum are interesting, with indication of
greater molecular packing homogeneity present in collagen
of the outer anterior annulus compared to outer posterior
annulus, it is worth noting that inner and outer anterior sam-
ples were separated by a discarded middle section, whereas
due to the smaller total annular thickness, inner and outer
posterior samples were adjacent to one another.

Total collagen crosslinking within the intervertebral
disc annulus has not previously been reported, though
some reports on specific crosslinks do exist. Compared
to other connective tissues, human annulus has been
reported to contain a relatively high concentration of
trivalent hydroxylysylpyridinoline (HP) crosslinks [34].
HP crosslinks within the annulus were more thoroughly
investigated by Skaggs et al. [35] who reported no regional
variation in HP crosslink levels between different regions
of human L2-3 discs. With increasing age, Pokharna
and Phillips [36] observed a decrease in pyridinoline
crosslinks within human lumbar discs along with a simul-
taneous increase in non-enzymatic pentosidine crosslinks.
Brickley-Parsons and Glimcher [37] explored crosslinking
within the annulus of human lumbar discs with age, disc
level, and annular location, but only assessed reducible



European Spine Journal

Fig.7 Damage to interlamellar A
connections were frequently
observed in ruptured anterior

(a, b) and posterior samples
(Fig. 8), resulting in loss to
portions of cross-sectioned (CS)
lamellae that contained fibres
out-of-plane with the applied
tensile load. Two cryosections
from the same L6—7 disc are
shown. Loss of large portions of
cross-sectioned lamellae in the
outer annulus were frequently
seen (* in a, b), and damage to
the out-of-plane CS lamellae
often extended into the endplate
(arrow in b). In anterior samples
only, over sequential cryosec-
tions isolated portions of miss-
ing CS lamellae were seen mov-
ing from mid-annulus (arrow

in a) to endplate (arrow in b)
suggesting that interlamellar
damage in the anterior annulus
was restricted to a group of one
or more annular fibre bundles.
DP indicates disc periphery

Tensile rupture of Anterior disc wall
(tensile load applied parallel to in-plane (IP) lamellae)

B Another section from the same sample shown above

crosslinks. Two crosslink species were detected: hydrox-
ylysinonorleucine (HLNL) and histidinohydroxymerodes-
mosine (HHMD). In adult discs, HLNL made up a greater
proportion of total reducible crosslinks within the outer
posterior annulus compared to the outer anterior annulus,
regardless of disc level. While interesting, the data from

Brickley-Parsons and Glimcher [37] are marred by long-
standing and unresolved debate as to whether HHMD is
an artifactual crosslink produced during analysis [38—41].
Such concerns are not unique to HHMD, with the origin
of histidinohydroxylysinonorleucine (HHL), long thought
to be a native trivalent crosslink, now also under scrutiny
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Fig.8 Damage to interlamellar
connections within posterior
samples causing loss of the
cross-sectioned (CS) lamellae
that contained fibres out-of-
plane with the applied tensile
load often extended into the
endplate (arrow), as seen in
anterior samples. Unlike ante-
rior samples where interlamellar
disruptions that were contained
to a group of fibre bundles
were frequently observed

(Fig. 7), interlamellar damage
in the posterior annulus usually
resulted in complete loss of

the CS lamellae. DP indicates
disc periphery. The cryosection
shown is from a ruptured L6—7
sample

[42, 43]. Clearly, a complete description of native collagen
crosslinking within the annulus does not yet exist.
Assessing collagen crosslinking is of interest due to the
crucial mechanical role that crosslinking plays in creating
intermolecular network integrity within the collagen hier-
archy [44-46]. Rather than inferring intermolecular net-
work integrity from quantitatively-derived crosslink con-
centrations, which may not show correspondence in mature
tissues [47], measuring isothermal load decay using HIT
assesses intermolecular network integrity directly [23, 24].
Moreover, the nature of HIT provides functional assess-
ment: only those tissue components that contribute to axial
tension within a sample are measured. At the start of the
HIT isotherm, the level of tension produced by a sample
is dependent on the number of collagen molecules that are
functionally interconnected between the system’s grips,
with tension contributed by these molecules’ entropic
desire to randomly coil in a thermal environment exceed-
ing the denaturation temperature [33]. During the iso-
therm, as peptide bond hydrolysis occurs along collagen
a-chains load follows a Maxwell decay, with the rate of
decay depending on the level of intermolecular network
integrity present [48]. Our isothermal HIT assessments in
the current study provide three significant results. First,
intermolecular network integrity within the collagen fibre
bundles of the posterior annulus is significantly greater
than that in the anterior annulus (Fig. 3b). Second, this
regional difference is present throughout the lumbar spine.
Third, the contribution to intermolecular network integrity
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Tensile rupture of Posterior disc wall
(tensile load applied parallel to in-plane (IP) lamellae)

0.5 mm

from thermally labile, reducible crosslinks like HLNL is
negligible (Fig. 3c).

Given that our results show greater intermolecular net-
work integrity within the posterior compared to anterior
annulus, it may seem odd that the posterior annulus was
found to be significantly weaker (Table 1, Fig. 5). It is
well accepted that during tissue development increases in
crosslinking lead to increases in tissue strength [49, 50].
Similarly, inhibition of crosslinking reduces strength [44].
Beyond development, however, relationships between
crosslinking and mechanics are less clear. For instance,
Hansen et al. [47] studied both crosslinking and mechan-
ics of anterior and posterior fascicles from the patellar
tendons of healthy young men. Despite anterior fascicles
being significantly stiffer and stronger, no correspondence
was found between crosslink concentrations and mechanical
properties. Couppé et al. [51] studied the patellar tendons of
young and older men and found no differences in mechanical
properties despite the tendons of older men having signifi-
cantly greater levels of both enzymatic and non-enzymatic
crosslinking. Beyond these studies showing no relationship
between mechanics and crosslinking, inverse relationships
have been documented for other mature tissues. Forelimb
tendons from quadrupeds have been particularly useful for
exploring collagen structure—function relationships, with
anatomically proximate but physiologically distinct ten-
dons present within several frequently used models (horses,
cows, and sheep). In both the equine and bovine forelimbs,
for example, the superficial digital flexor tendon sustains
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significantly higher maximum in vivo stress compared to
the digital extensor tendons: 75 versus 15-36 MPa for the
equine tendons, and 69 versus 8§—11 MPa for the bovine
tendons [52]. Despite the equine superficial digital flexor
tendon sustaining significantly greater in vivo stresses and
containing significantly denser HP crosslinking, the com-
mon digital extensor tendon is stronger [53]. Similar results
have been reported for the bovine forelimb tendons: despite
flexor tendons possessing significantly greater intermolecu-
lar network integrity, extensor tendons are stronger [13, 18].
Tendons from the ovine forelimb have shown results con-
sistent with those from the equine and bovine models [54].
In these cases, the higher strength of the less crosslinked
tendons may be in part due to an increased ability amongst
their constituent collagen fibrils to more evenly share load
by undergoing significant plastic deformation [15, 16, 55].
In contrast, the more heavily crosslinked tendons show
significantly better fatigue resistance under cyclic loading,
accumulating damage at a reduced rate [13, 18]. Considering
these previous findings, the results of the current study sug-
gest that the collagen nanostructure of the posterior annulus
may have developed for increased fatigue resistance at the
expense of tensile strength.

In relation to previous disc research, our mechanical find-
ings indicate that tensile strength of the disc wall may be
more than double previously reported values. As well as
being of high significance to the many modelling studies of
disc failure that are conducted, such information is impor-
tant to the design of annular repair strategies and devices.
To retain structural integrations, we prepared and tested
bone-disc-bone samples in the current study. These were
loaded along one of the principal annular fibre directions,
providing a measurement of the disc wall’s tensile proper-
ties with minimal intralamellar shear (Fig. 1). For testing
conducted to failure, we are not aware of prior reports using
this preparation. Green et al. [56] and Zak and Pezowicz
[57] both prepared bone-disc-bone samples for tension-to-
rupture testing, but loaded samples vertically. Green et al.
[56] reported ultimate strengths of 1.7 and 3.8 MPa for
anterior and posterior samples, respectively, while Zak and
Pezowicz [57] reported 7.5 and 4.5 MPa for the same two
regions. Two studies have attempted to determine annular
strengths by applying tension parallel to one of the annulus’
primary fibre directions, but have done so using isolated
samples of annulus. With annular fibres under considerable
residual stress when integrated into the disc wall [58, 59],
severing annular connections to the vertebrae likely results
in structurally compromised test samples. Perhaps unsur-
prisingly, those studies have also reported values of annular
strength significantly smaller than those reported here, with
Shan et al. [60] reporting strength values of 3.5 and 3.1 MPa
for the anterior and posterolateral annulus, respectively, and
Skaggs et al. [35] reporting 10.3 and 5.6 MPa for the same

two values. In comparison, we measured ultimate tensile
strengths of 19.2 +4.0 and 12.5 + 3.3 MPa for the anterior
and posterior disc wall (Table 1). It is worth noting that the
cross-sectional areas used for these measurements include
those lamellae oriented away from the axis of tensile load-
ing. Consequently, the true tensile strength of annular fibres
would be substantially higher than the values that we report
(perhaps nearly double), far in excess of those previously
reported.

On microscopic examination of the ruptured disc wall
samples, one of the most common features observed in the
current study was disruption to those lamellae with fibres
oriented away from the direction of applied tension. In the
tissue sections examined, portions of these lamellae were
frequently missing (Figs. 7, 8), with fibre bundles and/or
interlamellar connections having been damaged to the point
where the tissue lacked connectivity to adjacent structures
and was lost when the freshly cut sections were placed in
solution. Clearly, under loading situations that selectively
strain annular fibres in only one direction, as in axial rota-
tions, the resulting interlamellar shear stresses can signifi-
cantly disrupt interlamellar connections. Such loading situ-
ations are therefore likely to be strong contributors to the
development of circumferential tears. While circumferential
tears on their own may not be of significant interest from a
pain or disability standpoint, they are frequently connected
to by radial tears [61-63] and thus may influence charac-
teristics associated with nuclear migration like protrusion
location or extent [64], making them of clinical interest. It
is interesting to note that although the collagen fibre bundles
of the anterior annulus possess significantly greater ultimate
tensile strength than those of the posterior annulus, similar
regional differences in interlamellar shear strength do not
appear to exist [65], consistent with observations showing
similar instances of circumferential tears in the posterior and
anterior annulus [10, 11, 66].

There are a few limitations that should be mentioned
regarding the work presented. First, the work was con-
ducted using an ovine model. The study used a total of
38 motion segments from 23 spines. Obtaining that quan-
tity of healthy human tissue was simply not feasible. That
said, the ovine lumbar spine has been well compared to
the human lumbar spine. In addition to biomechanics
[67-69], disc shape [67], and disc biochemical compo-
sition comparing favourably [19, 68, 69], perhaps most
relevant to the current work is the level of microstructural
correspondence that has been shown to exist. Annular fibre
angles have been found to be similar in both human and
ovine lumbar discs [19], and the presence of microstruc-
turally comparable cross-bridges has been documented in
the lumbar discs from both species [70, 71]. Structural
integration from annulus through to vertebrae is also simi-
lar, with annular fibres anchoring into calcified cartilage
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endplate in both species, and further into the vertebral
endplate within the outer annulus [72-74]. Despite these
similarities, it should be recognized that the human annu-
lus of even young adults would be expected to contain lev-
els of advanced glycation endproduct (AGE) crosslinks far
beyond those normally found in skeletally mature sheep.
In tendon, while AGEs have been found to modestly
increase the molecular stability of collagen [55], they do
not appear to alter suboverload mechanics [51, 75], and,
depending on the level of enzymatic crosslinking present,
may not alter ultimate tensile strength despite significantly
affecting ultrastructural failure characteristics [55]. How
the presence of increasing levels of AGEs affects annular
mechanics has not yet been well studied and was beyond
the scope of the current research. Finally, it should be rec-
ognized that the method of mechanical sample preparation
employed would have resulted in lower tensile stresses
at the endplate compared to those present at mid-disc
height where the razor cuts used to define each sample’s
circumferential width were positioned. Thus, while very
few of our samples involved endplate failures, this cannot
be taken as proof that the tensile strengths of annulus/
endplate integrations exceed those of the annular fibres
themselves.

Conclusion

Collagen of the lumbar intervertebral disc annulus shows
circumferential regional specialization in structure at the
fundamental, nanoscale level. Compared to the anterior
annulus, the posterior annulus, which experiences larger
tensile strains during daily living, is composed of collagen
molecules with greater thermal stability and intermolecu-
lar network integrity. Despite possessing a seemingly more
robust collagen nanostructure, the posterior annulus is sig-
nificantly weaker than the anterior annulus. As seen for other
tissues with similar differences in collagen nanostructure,
the posterior annulus may have evolved for improved fatigue
resistance at the expense of strength.
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