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Abstract

Purpose Both posture and loading rate are key factors in the herniation process and can determine the mechanism of disc
failure. The aim of this study was to test the hypothesis that disruption visible with HR-MRI post-testing corresponds with
microstructural features and further elucidate the mechanism by which this disruption weakens the disc. This will enable us
to gain new insights into the herniation process.

Methods Thirty ovine lumbar spinal segments were subjected to combinations of four loading conditions (0-12° flexion,
0-9° lateral bending, 0—4° axial rotation, 0—1500 N axial compression) for 1000 loading cycles at 2 Hz in a dynamic disc
loading simulator. The discs were scanned in an ultra-high field MRI (11.7 T) then examined using brightfield microscopy
to examine their microstructure.

Results Four discs herniated and seven discs suffered nucleus displacement. These discs contained pre-existing defects in
the central posterior annulus. Generally, following testing discs contained more posterior annulus disruption, Microstructural
investigation revealed there was clear correspondence between HR-MRI and microstructural observations, and that the mid-
outer annular-endplate junction had failed in all discs examined in this study.

Conclusions While all discs suffered outer annulus damage, only the discs containing pre-existing defects herniated. These
pre-existing defects weakened the inner and mid annulus, allowing herniation to occur once the mid and outer annular wall
was compromised. We propose this can occur during the degenerative cascade.

Keywords Disc herniation - Complex loading - Annulus fibrosus - Disc prolapse - Microstructure

Introduction

It seems logical that certain discs are more likely to herniate
than others because they contain defects which weaken their
annular wall. Indeed, it has been suggested that this may be
the reason that herniation is common in middle-aged patients
whose discs have a weakened annulus but a highly hydrated
nucleus [1] and it is well known that artificial defects can
act as initiation sites for herniation or degeneration [2—6].
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Both posture and loading rate are known to be key fac-
tors in the herniation process [1, 7, 8]. In general, the more
severe the posture, the lesser the load required to damage
the motion segment. Loading rate must be sufficiently rapid
to overcome viscoelastic effects and can also determine
whether the disc fails in the mid-annulus or the endplate
junction [9-11]. Relatively rapid loading similar to the maxi-
mum rate loading can be generated voluntarily [12, 13] was
recently shown to render the annulus-endplate junction more
vulnerable to failure [11, 14, 15]. Both these modes of fail-
ure have been observed clinically [9]. Longer-term load-
ing simulating occupational loading is known to cause disc
wall failure [16—19] via disruption and limited nucleus dis-
placement in the inner and mid annulus which was recently
observed at the microstructural level in the ovine disc [20,
21].

The aim of the present study was to test the hypothesis
that disruption visible with HR-MRI post-testing corre-
sponds with microstructural features and further elucidate
the mechanism by which this disruption weakens the disc.
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This will enable us to gain new insights into the herniation
process.

Methods
Experimental design

Thirty lumbar spinal motion segments were gathered from
six healthy sheep (age 3—5 years) and divided into five
groups (each n=06); in order to limit the possible influence
of vertebral level, the upper and lower lumbar spines were
equally represented within groups. All specimens within a
group were from different spines (as shown in Table 1) in
order to most randomly distribute any potentially degenerate
specimens between the groups and ensure an even distribu-
tion of spinal levels within each group.

Ovine spines were used due to the strong anatomical [22]
and biomechanical [23, 24] similarities to the human system.
In particular, the trabecular structure of the vertebra indi-
cates that both vertebral columns are subject to axial loading
[25]. Previous in vitro studies using ovine tissue [8, 10, 11,
14, 21] have produced very similar damage morphologies to
those carried out using human tissue [7, 19, 26, 27].

Preparation

Specimens were frozen and stored at —20 °C prior to testing.
These storage conditions are consistent with those used in
this field and have been shown to cause negligible degrada-
tion of specimen properties [28—30]. The posterior elements
were carefully removed by cutting through the facet joints
to provide a clear view of the posterior annulus. Note also
that while the posterior elements were removed, the machine
was programmed in order to apply these postures about axes

passing through the centre of the disc laterally and vertically,
and through the posterior third of the disc in the antero-
postero direction. These were chosen in order to approxi-
mate the physiologic situation though we acknowledge that
in reality, this varies due to the facet joints and surrounding
musculature [31, 32].

Imaging techniques

Discs were non-destructively imaged before and after testing to
enable the influence of pre-existing structure on susceptibility
to herniation to be determined. The specimens were thawed at
6 °C overnight prior to scanning. Imaging was performed in
an 11.7 T pMRI (BioSpec 117/16, Bruker Biospin, Ettlingen,
Germany) using an experimental protocol derived from previous
experiments (MR method: FLASH, Contrast: T1, Echo time:
3.5 ms, Repetition time: 10.0 ms, Resolution: 100 pm isotropic,
Slice gap: 100 um, FOV: 60 mm X 70 mm, Averages: 1, Acqui-
sition time: 15 min) [33]. All data were received with a 40 mm
quadrature transmit/receive coil.

Further preparation for testing

Screws were placed in the vertebral bodies to embed the
motion segment in the PMMA (Technovit 3040, Heraeus-
Kulzer, Wehrheim, Germany) followed by storage at —20 °C.
Prior to testing, the specimens were thawed at 6 °C for 12 h
[8] (Fig. 1).

Test protocols
A compressive load of 130 N (typical spinal load for a

standing sheep [34]) was applied for 15 min to precondition
the specimens [8, 14, 23, 34]. Specimens were stored in

Table 1 Overview of the loading conditions applied to each group and the motion segments assigned to each group

Load component Group 1 w/o FL Group 2 w/o LB Group 3 w/o AR Group 4 all combined Group 5 all
combined, rapid
loading

FL - X X X X

LB X - X X X

AR X X - X X

AC X X X X X

Segments Spine 1 L5-6 Spine 1 L4-5 Spine 1 L2-3 Spine 1 L1-2 Spine 1 L3-4

Spine 2 L3-4 Spine 2 L5-6 Spine 2 L1-2 Spine 2 L.2-3 Spine 2 L4-5
Spine 3 L1-2 Spine 3 L4-5 Spine 3 L2-3 Spine 3 L3-4 Spine 3 L5-6
Spine 4 L.2-3 Spine 4 L1-2 Spine 4 L3-4 Spine 4 L4-5 Spine 4 L5-6
Spine 5 L3-4 Spine 5 L2-3 Spine 5 L4-5 Spine 5 L5-6 Spine 5 L1-2
Spine 6 L4-5 Spine 6 L3-4 Spine 6 L5-6 Spine 6 L2-3 Spine 6 L1-2

FL indicates flexion; LB, lateral bending; AR, axial rotation. Note that groups 1-4 had loading applied in 10% steps over the first 100 cycles of
the test while Group 5 was rapidly loaded to the full level of posture sequentially for each axis
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Fig. 1 a Schematic drawing of the experimental setup showing the
6-DOF dynamic spine tester (left) and a mounted view of the motion
segment with each potential direction of motion (FL: flexion; LB: lat-
eral bending; AR: axial rotation; AC: axial compression; AP: anter-
oposterior shear; LL: laterolateral shear) shown. Note that shear was

dampened gauze prior to testing to maintain hydration [31]
and were tested at room temperature as is standard practise
for short-term acute loading [7, 8, 10, 11]. Testing was per-
formed using a complex loading protocol (Table 1). The fol-
lowing loading parameters were used: 0°-13° flexion (FL),
0°-10° right lateral bending (LB), and 0°—4° right axial rota-
tion (AR) combined with 0 N-1500 N of axial compression
(AC) at a frequency of 2 Hz which results in a physiologic
loading rate [12—14]. For Groups 1-4, during the first 90
cycles, angles were increased in 10%-increments with 10
cycles each. For Group 5, each axis was sequentially moved
to its maximum, then cyclic loading applied. Samples were
subjected to 1000 cycles in total. They were videoed from
the posterior direction to detect visible and audible disc fail-
ures. Following testing, specimens were refrozen at —20 °C
prior to reimaging with HR-MRI.

kept fixed during this investigation. b Sagittal cross-section showing
how the disc can be considered as outer annulus (O), mid annulus
(M) inner annulus (I) and nucleus (N) Transverse cross-section show-
ing how the disc is generally subdivided into anterior (AN), antero-
lateral (AL), lateral (L), posterolateral (PL) and posterior (P) regions

Structural analysis

Upon examining the HR-MRI images, it was rapidly appar-
ent that many discs contained shadowed, uneven features
in the central posterior annulus and following loading the
discs either suffered herniation through these features or had
developed similar features of their own. We developed a
simple scoring system to grade these, in which a feature that
spanned < 33% of the annulus was termed small, between
33 and 66% termed moderate, and greater than 66% termed
large.

Microstructural analysis techniques
Following testing, each motion segment was trimmed to

isolate the disc and its adjacent endplates, fixed for 7 days
in 10% formalin and decalcified for 21 days in 10% formic
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acid as in previous studies [10, 11]. Each sample was then
bisected sagittally and cryosectioned to obtain 30 pm thick
sections in the ‘sagittal plane’. Slices were microscopi-
cally analysed in their fully hydrated state using brightfield
microscopy. With a 0.7 mm interval, between 12 and 18 sec-
tions were examined per half-disc block to enable features to
be tracked across the disc. Disc damage was analysed using
terminology developed in previous microstructural studies
[20, 21].

Results

There is clear correspondence between HR-MRI, macro-
level and microstructural observations of the overall mecha-
nisms of damage to the motion segments. As summarized
in Tables 2 and 3, all four discs which herniated or suf-
fered displacement (seven discs) contained a characteristic
bell-shaped defect prior to testing (eleven discs in total).
Only discs containing such a defect herniated. Four discs
suffered overt herniation, with extrusion of nucleus mate-
rial, and nucleus displacement into the annulus was observed
in a further seven discs. All but one disc suffered rupture
of the mid-outer annulus region. In general, as the severity
of the complex posture increased, the level of damage also
increased. All discs emitted crackling noises during testing,
this generally occurred between 60 and 90% of full load,
with the exception of the discs tested with immediate appli-
cation of the full level of posture, which suffered annular
failure as flexion was applied. More severe postures were
generally associated with higher moments, consistent with
Berger-Roscher et al. [14] as shown in Table 3.

An example of a disc which contained a large pre-exist-
ing defect and which suffered transligamentous herniation
through this irregularity is shown in Fig. 2. Nucleus mate-
rial was extruded through the defect region in the annular
wall in both the transverse and sagittal views, illustrating the
complementary nature of each imaging technique. Annulus-
endplate failure was observed in the mid and outer annulus
regions.

An example of a disc which suffered internal displace-
ment of nucleus material is shown in Fig. 3. The pre-existing
defect and migration of nucleus material into this can be
seen in the HR-MRI images. Damage to the mid and outer
annulus-endplate junction is clearly visible in both tech-
niques along with delaminated and ruptured lamellae in the
inner annulus. The nucleus material has been displaced into
the resulting space in the annulus wall.

Two examples of discs which developed characteristic
bell-shaped defects are shown in Figs. 4 and 5. The example
in Fig. 4 contained minor disruption in the posterior annulus
prior to testing visible with HR-MRI. However, following
testing, a clear bell-shaped defect could be seen. When this
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region was examined microstructurally, firstly mid-outer
annulus-endplate failure was clearly visible and the region
corresponding to the defect contained ruptured and distorted
lamellae. However, there was no substantial displacement
of nucleus material in this sample. While the disc in Fig. 5
did not contain irregularities in its posterior annulus prior
to testing, following testing a small bell-shaped defect was
visible. When sectioned, it also had severe damage to the
mid-outer annulus wall. There was minor disruption to the
inner annulus wall, corresponding to the region where the
bell-shaped defect was observed.

Further examples of the mid and outer annulus damage
are shown in Fig. 6. These contained ruptures at the annulus-
endplate junction, both at the tidemark (boundary between
calcified and non-calcified cartilage) and the cement line
(cartilage bone interface). Alternate lamellae failure was also
observed at the annulus endplate junction.

Discussion

The results of the present study clearly indicate that discs con-
taining greater levels of pre-existing disruption are more vul-
nerable to suffering further damage when subjected to severe
levels of posture and loading. They also indicate that the HR-
MRI observations correspond with microstructural observations
post-testing. Due to the nature of the loading used in the present
study, they provide new insights into how the disc may be vul-
nerable to herniation that would not be apparent were each tech-
nique considered in isolation. We consider the audible observa-
tions of failure as the posture was increased to correspond to
failure of the mid-outer annulus and therefore that the inner and
mid annulus were left to bear load for the remainder of the test.
It follows that those discs which suffered herniation did so as
a consequence of their inner and mid regions being weakened
by the bell-shaped characteristic defects visible under HR-MRI
prior to testing.

These test methods were based on numerous previous
in-vitro biomechanics studies. Postures were intended to
simulate extreme levels of loading and were chosen to be
twice those obtained by Wilke et 1997 and Reitmaier et al.
where the range of motion of ovine lumbar spinal segments
was measured under 3.75 Nm pure moment in each direc-
tion without posterior elements [23, 34], while facet joints
were removed. Similar levels of posture have been applied
to intact motion segments without facet joint failure by other
authors [10, 11] and the machine used here does impose
a centre of rotation approximating that of the facet joints.
Freezing and thawing of samples is common practise in
biomechanics in order to preserve specimens during col-
lection and preparation and was particularly necessary for
this trial given the relatively large number of specimens
and numerous imaging and testing methods used. Several
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Table 2 Summary of microstructural analysis of all discs in this study
Spine/ HR-MRIbefore  Loading regime  HR-MRI after Nucleus Transition zone Inner Mid Outer
motion testing testing
seg-
ment
1 L1-2 Minor general G4 FL/LB/AR Increased disrup- D i M/S A/Ec
disruption tion in posterior
AF
1 L2-3 Minor general G3 FL/LB Increased disrup- M/S A/Ec A/Ec
disruption tion in posterior
AF
1 L3-4 Minor general G5 FL/LB/AR (s) Increased disrup- M/S M/S+A/Et A/Ec
disruption tion in posterior
AF
1 L4-5 Minor general G2 FL/AR Increased disrup- D i A/Ec A/Ec A/Ec
disruption tion in posterior
AF
1 L5-6 Minor general G1LB/AR Increased disrup- Ec+ Dy M/Sr A/Ec
disruption tion in posterior
AF
2 L1-2 Minor general G3 FL/LB (no data) Dy M/Sr A/Ev
disruption
2 L2-3 Small characteris- G4 FL/LB/AR Displacement Nyye M/S A/E+M/S A/Et+M/S  A/Ec+M/S
tic defect
2 L3-4 Regular annulus  G1 LB/AR Moderate charac- D it M/Sr A/Ec
teristic defect
2 L4-5 Small characteris- G5 FL/LB/AR (s) Displacement Ny, Dy A/Ec A/Ev
tic defect
2 L5-6 Minor general G2 FL/AR Increased disrup- Dy A/Ec A/Et+M/S A/Et+M/S
disruption tion in posterior
AF
3 L1-2 Small characteris- G1 LB/AR Displacement D, Dy Dy A/Ec+Dgy A/Ec
tic defect
3 L2-3 Small characteris- G3 FL/LB Displacement Dy Dy Dy A/Ec+Dg, A/Ev
tic defect
3 L3-4 Moderate charac- G4 FL/LB/AR Displacement N, Ny, M/S A/Ec+Dg, A/Ec
teristic defect
3 L4-5 Large characteris- G2 FL/AR Herniation Npermn Npern A/Ec+M/S+V(PL) A/Et+M/S A/Ec+M/S
tic defect
3 L5-6 Large characteris- G5 FL/LB/AR (s) Herniation Niern Niem A/Ec+M/S+V(PL) A/Et+M/S A/Et+M/S
tic defect
4 L1-2 Minor disruption G2 FL/AR Moderate charac- D g Diic D it A/Ev A/Ev
in posterior AF teristic defect
4 L2-3 Very minor G1LB/AR Small characteris- Dy N, N M/Sr A/Et
disruption in tic defect
posterior AF
4 L3-4 Moderate disrup- G3 FL/LB Endplate fracture D Ny, D+ Dy, A/Ev A/Ev
tion in posterior despite pre-
AF existing damage
4 L4-5 Moderate general G4 FL/LB/AR Increased disrup- D g, Ny, Do+ Do A/Ev A/Ev
disruption in tion in posterior
posterior AF AF
4 L5-6 Moderate disrup- G5 FL/LB/AR (s) Increased disrup- D D D+ Dy A/Ev A/Ev
tion in posterior tion in posterior
AF AF
5 L1-2 Minor disruption G5 FL/LB/AR (s) Increased disrup- D Ny, Dgig+Npia A/Ev A/Ec+M/S

in posterior AF

tion in posterior
AF
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Table 2 (continued)

Spine/ HR-MRIbefore  Loading regime  HR-MRI after Nucleus Transition zone Inner Mid Outer

motion testing testing

seg-

ment

5 L2-3 Minor disruption G2 FL/AR Schmorl's node D D i D +M/S A/Ev A/Et+M/S
in posterior AF, got larger,
Schmorl’s node increased

disruption in
posterior AF

5 L3-4 Small characteris- G1 LB/AR Displacement Dy Ny, Dy Dyig A/Ec
tic defect

5 LA4-5 Small characteris- G3 FL/LB Subligamentous N, Nyye Nyt A/Ev A/Ev
tic defect herniation

5 L5-6 Moderate charac- G4 FL/LB/AR Herniation Nyye Nyye Nyt A/Ev A/Ev
teristic defect

6 L1-2 Minor disruption G5 FL/LB/AR (s) Moderate charac- N, Ny, Dy +M A/Ec A/Ec
in posterior AF teristic defect

6 L2-3 Minor disruption G4 FL/LB/AR Small characteris- N, N, Dy +M A/Ec A/Ec
in posterior AF tic defect

6 L3-4 Minor disruption G2 FL/AR Small characteris- Dy, Dy Dy Dy, A/Ec+M/S
in posterior AF tic defect

6 L4-5 Minor disruption Gl LB/AR Small characteris- D i D i Dy
in posterior AF tic defect

6 L5-6 Small characteris- G3 FL/LB Displacement M, M, Dy A/Ev A/Ev

tic defect

Analysis was conducted in accordance with earlier paper

Firstly, the damage location was identified radially by region (see Fig. 1), i.e. nucleus (N), inner annulus (I), mid annulus (M), outer annulus (O),
or on the boundary between these regions i.e. (N/I, /M, M/O). Nucleus displacement was classified as either distorted with respect to its original
state, or migration to inner (), mid (N,,), outer (N,,) or herniated (V). Annulus wall damage was then further classified with respect to the
three main types of damage (D) based on the microstructural observations i.e. delaminations between lamellae (D,,,,,), internal distortions (Dy;,),
and disc/endplate tears (D). The latter were further classified by aspect (Fig. 1b) i.e. superior (s) or inferior (i), and axial depth i.e. surface of
endplate (Es), middle or tidemark (Et), cement line (Ec), or vertebral body (Ev) [15]

Table 3 Summarised loading results for all groups showing audible indications of failure, peak moments, numbers of pre-existing defects and
overall failure mode of the discs

Load component Group 1 LB/AR Group 2 FL/AR Group 3 FL/LB Group 4 FL/LB/AR Group 5 FL/LB/AR (s)
Crackling noise (cycle) 71 (70-100) 84 (80-90) 76 (50-90) 70 (30-103) (0)*

Peak moments FL. (Nm) 24.8 (15.2-42.5) 22.1(13.3-54.3) 37.6 (27.5-48.3) 40.7 (24.1-58.5) 31.7 (12.8-42.9)

Peak moments LB (Nm) 22.1 (19-39.1) 16.1 (13-23.7) 24.9 (19.5-32.9) 19.4 (14.8-32.9) 13.3 (10.1-23.7)

Peak moments AR (Nm) 14.1 (12.4-16.3) 13.2(9.1-14.1) 5(1.9-6.9) 11.8 (9.5-16.7) 13.2 (9.1-14.1)
Pre-existing defects 2 1 3 3 2

Herniations 0 1 1 1 1

Displacement 2 0 2 2 1

New defects 3 2 0 1 1

FL indicates flexion; LB, lateral bending; AR, axial rotations

“Note that the full levels of load and posture were applied at cycle 1, thus audible indications of failure occurred immediately in this group

investigations indicate that freeze-thaw cycles do not sub-
stantially influence specimen mechanical properties, and our
own experience with similar investigations of fresh and fro-
zen tissue indicates that freeze—thaw cycles do not influence
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the microstructure of the disc, at least in terms of the rela-
tively large-scale features considered in this study.
Consider the severe transligamentous herniation shown
in Fig. 2, from a disc which contained a large pre-existing
defect. We can see that the outer annulus has failed and that
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Fig.2 Shows a disc which suffered transligamentous herniation
during testing. a A transverse HR-MRI image showing a large bell-
shaped defect in the posterior annulus prior to testing. b Following
testing, disc material was extruded through this region. ¢, d Defect
region indicated with stars and flow of herniated material indicated
by arrows, respectively. e Sagittal HR-MRI view through central pos-

terior region (dashed line in d) showing the herniation region. f Cor-
responding sagittal macro image which clearly shows the displaced
nucleus material. g Corresponding microstructural image. The dam-
aged annulus-endplate junction regions are highlighted by the stars,
and the flow of nucleus material is indicated by the arrows
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Fig.3 Shows a disc which suffered nucleus displacement during test-
ing. a A transverse HR-MRI image showing a moderate bell-shaped
defect in the posterior annulus prior to testing. b Following test-
ing, disc material was displaced into this region. ¢, d Defect region
boundary indicated with stars and flow of displaced material indi-
cated by arrows, respectively. e Sagittal HR-MRI view through cen-
tral posterior region (dashed line in d) showing this region with the

@ Springer

displaced material boundary indicated with stars. f Corresponding
sagittal macro image which shows the annulus-endplate rupture and
displaced nucleus material. g Corresponding microstructural image.
The damaged annulus-endplate junction regions are highlighted
by the stars, and the displaced nucleus material is indicated by the
arrows
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Fig.4 Shows a disc which developed a bell-shaped defect during test-
ing. a A transverse HR-MRI image showing minor disruption in the
posterior annulus prior to testing. b Following testing, a bell-shaped
defect can be seen in this region. ¢, d Disruption indicated by arrow-
heads and defect boundary indicated with stars. e Sagittal HR-MRI
view through central posterior region (dashed line in d) showing this

s

region with the defect region bounded by stars. f Corresponding sag-
ittal macro image which shows the annulus-endplate rupture. g Cor-
responding microstructural image. The damaged annulus-endplate
junction regions are highlighted by the stars, and the ruptures and
delaminations in the defect region are indicated by the arrows
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Fig.5 Shows a disc which developed a bell-shaped defect during test-
ing. a A transverse HR-MRI image showing a disc with no irregu-
larities in its posterior annulus prior to testing. b Following testing,
a bell-shaped defect can be seen in this region. ¢ Shows the defect
region bounded by stars. d Sagittal HR-MRI view through central
posterior region (dashed line in b) showing this region with the defect

@ Springer

region bounded by stars. e Corresponding sagittal macro image which
shows the annulus-endplate rupture. f Corresponding microstructural
image. The damaged annulus-endplate junction regions are high-
lighted by the stars, and the ruptured lamellae in the defect region are
indicated by the arrows
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Fig.6 In these examples, when the outer annulus-endplate failure is
examined closely, damage to alternate lamellae can be seen as indi-
cated by the arrows in (a) and (b). The section in ¢ shows a disc

the contents of the disc have been displaced. This failure
occurred in the central posterior annulus which is consist-
ent with studies indicating that this region is loaded under
most postures the disc is exposed to [24, 35]. Considering
that the animals in this study were 3—4 years old, we propose
that these discs are analogous to the middle age state with
a weakened annulus but still hydrated nucleus suggested to
be the most vulnerable state by Adams [1, 36] and that this
series of images captures the sequence by which such a her-
niation could occur under traumatic loading. Once the outer
annulus is compromised by the acute posture and overload-
ing the red highlighted defect region of the inner and mid
annulus is unable to contain the pressure generated within
the disc, and the contents of the disc are extruded through
the defect.

The alternate lamellae failure and separation of the car-
tilaginous endplate in the outer annulus-endplate region as
can be seen in Figs. 2-5 and with further detail in Fig. 6
is consistent with other microstructural level investigations
[11, 15, 37, 38] conducted with comparable loading rates
and postures. The prevalence of annulus-endplate failure is
consistent with previous findings showing that loading rates
similar to those which can be generated rapidly by the mus-
cles of the spinal column tend to cause failure in this region
due to compliance imbalances between the various tissues
of the annulus, cartilaginous and vertebral endplates [11,
14, 15]. The observation of failure of alternate populations
of lamellae (Fig. 6) further illustrates the potential postures
involving bending and twisting have to damage the disc and
is also consistent with other microstructural studies [37, 38].

A less extreme example can be seen in Fig. 3. Here, a less
extensive bell-shaped defect was visible prior to loading under
HR-MRI. Following loading, the defect was both more promi-
nent and nucleus appeared to have been extruded into it. This
would be consistent with the mechanism described above, albeit
with a less severely weakened inner and mid annulus. In this

which suffered extensive rupture of the annulus-endplate junction in
the region bounded by the stars

case, this less severely weakened structure still retains some of
its self-sealing ability (as suggested by early in-vitro investiga-
tions [39, 40]) and is able to prevent full herniation of the disc,
at least under the loading conditions in this study.

In discs containing less obvious or no pre-existing defects
(Figs. 4 and 5 respectively) defects were still observed with
HR-MRI following testing. These correspond to microstruc-
tural observations of ruptures and delamination in the inner
and mid-annulus regions implying that these defects are a
consequence of loading. This morphology is consistent with
recent observations of discs subjected to cyclic loading [20,
21] providing further evidence that repetitive cyclic load-
ing can cause damage to accumulate within the disc due to
its limited ability to repair given the rate of matrix turno-
ver being several years or more [41, 42] thus increasing its
vulnerability to herniation. Correspondence between defect
severity and severity of the resulting herniation in the pre-
sent study also supports this point.

Based on these results, we propose that acute loading
can lead to herniation by the sequence of events shown in
Fig. 7. If, as in the present study, the disc suffers failure of
the outer annulus, the inner annulus will then be required to
contain the nucleus if herniation is to be prevented. If the
inner annulus is weakened, the disc will therefore herniate.
Our results in Figs. 4 and 5 indicate that mechanical load-
ing is capable of producing features similar in appearance
to the pre-existing bell-shaped defects consisting of broken
and distorted lamellae.

These results support the theory proposed by Adams that
middle-aged discs with a compromised annulus but hydrated
nucleus are vulnerable to herniation [1, 7, 36]. Explaining what
might be responsible for these defects in the first place is an
intriguing question outside the original scope of this study.
Clearly, mechanical loading can exacerbate the defects, as the
number of defects increased following loading in the present
study. Genetic predisposition could also play an important role
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Fig.7 Schematic representing the sequence of failure indicated by the
present results. a healthy disc, with an intact annulus. Repeated expo-
sure to complex posture in steps drives it beyond posture the rigid
(more rigid) mid-outer layers can accommodate and these fail, by a
combination of b midspan or ¢ annular endplate failure. As shown by

in this process; as was shown by the Twin Spine Study [43—46].
In the context of these results, we speculate that some individu-
als may have incomplete lamellae or other similar features in the
annulus which act as stress risers for defect growth.
Interestingly, similar features were observed histologi-
cally in a study of middle-aged human discs [47]. We sug-
gest that if these discs were scanned via HR-MRI, that simi-
lar defects to those in the present study would be observed.
Further, such delamination and rupture within the layers of
the inner and mid annulus could in itself be painful, initiate
the degenerative cascade [48] or when combined with rehy-
dration and acute loading even initiate herniation in itself.
Clinically, while disc bulging and herniation are factors
linked with back pain, substantial levels of disc bulging and
herniation have been reported in asymptomatic patients and
this increases with age. For example, approximately one-
third of asymptomatic subjects had a substantial abnormality
such as a herniated or bulging disc, or stenosis [49] when
imaged under MRI. Similarly, a study of symptomatic and
asymptomatic populations found that 24% of asymptomatic
patients had discs with a high-intensity zone, compared

@ Springer

the red shading in d, this mid-outer annulus is now unable to contain
the contents of the disc. Thus, discs with a compromised inner annu-
lus herniated e, f while discs with a healthy inner annulus did not suf-
fer herniation g, h

with 59% in symptomatic patients, concluding that high-
intensity zones alone did not reliably indicate symptomatic
disc disruption [50]. A more recent clinical study indicated
that the central (10%) or paracentral (82%) regions of discs
undergoing microdiscectomy had suffered herniation, which
would correspond to those regions expected to be affected
by characteristic defects [9].

Limitations of this study relate to it being an in-vitro
study based on animal tissue. By design, this study investi-
gates acute, short term cyclically loaded tissue, which means
that its results will not fully replicate the situation occurring
in vivo where biological processes such as inflammation and
repair can occur [41, 42]. While the use of well-accepted
animal models [22, 23, 25, 51] enables the use of relatively
young, consistent samples without extensive degeneration,
it does mean that caution needs to be used when translating
these results to human tissue. Future work could include
imaging similar unloaded spines to determine what such
defects may look like if not subjected to the acute loading in
the present study. Biochemical analysis could yield insights
regarding defect formation or progression. Findings should
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also be confirmed in human tissue. Since imaging results
of the present study indicate that these defects begin in the
inner regions of the disc wall, interventions to prevent this
form of progression to herniation will likely be challenging
to develop as they would need to cause repair of the avascu-
lar, highly loaded inner disc region.

Conclusions

All but one of the discs in the present study suffered failure
of the mid and outer annulus-endplate junction, yet only
the discs which contained characteristic pre-existing defects
suffered herniation.

These pre-existing defects weakened the inner and mid
annulus, allowing herniation to occur once the mid and outer
annular wall was compromised.

This failure of the mid and outer annulus was consistent
with that observed in other studies using similar loading
rates and postures and adds further evidence for this failure
being a consequence of compliance imbalance at the hard-
soft interface between the structures.

Examination of those discs which developed features
appearing similar to the pre-existing defects under micro-
MRI during testing revealed that these regions had become
distorted and disrupted. This is likely a consequence of the
repetitive motion they had been subjected to during testing.
We propose that such damage occurs in life and is associated
with the degenerative process.
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