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Abstract

Purpose Part 1 of this study explored mechanisms of disc
failure in a complex posture incorporating physiological
amounts of flexion and shear at a loading rate considerably
lower than likely to occur in a typical in vivo manual
handling situation. Given the strain-rate-dependent
mechanical properties of the heavily hydrated disc, loading
rate will likely influence the mechanisms of disc failure.
Part II investigates the mechanisms of failure in healthy
discs subjected to surprise-rate compression while held in
the same complex posture.

Methods 37 motion segments from 13 healthy mature
ovine lumbar spines were compressed in a complex posture
intended to simulate the situation arising when bending and
twisting while lifting a heavy object at a displacement rate
of 400 mm/min. Seven of the 37 samples reached the
predetermined displacement prior to a reduction in load
and were classified as early stage failures, providing insight
to initial areas of disc disruption. Both groups of damaged
discs were then analysed microstructurally using light
microscopy.
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Results The average failure load under high rate complex
loading was 6.96 kN (STD 1.48 kN), significantly lower
statistically than for low rate complex loading [8.42 kN
(STD 1.22 kN)}. Also, unlike simple flexion or low rate
complex loading, direct radial ruptures and non-continuous
mid-wall tearing in the posterior and posterolateral regions
were commonly accompanied by disruption extending to
the lateral and anterior disc.

Conclusion This study has again shown that multiple
modes of damage are common when compressing a seg-
ment in a complex posture, and the load bearing ability,
already less than in a neutral or flexed posture, is further
compromised with high rate complex loading.

Keywords Ovine lumbar motion segments - Surprise-rate
compression - Complex posture - Microstructural analysis -
Annular disruption - Mechanism of herniation -
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Introduction

Part I demonstrated the dramatic effect that a complex
posture incorporating physiological amounts of flexion and
shear has on both the failure load and failure morphology
on a disc subjected to overloading. However, with velocity
being the strongest predictor of risk among trunk motion
factors in logistic regressions performed on more than 400
repetitive industrial lifting jobs [1], and in vitro tests on
ovine motion segments held in a flexed posture demon-
strating the critical role of loading rate in the aetiology of
herniation [2, 3], it seems pertinent to understand how
loading rate might influence the failure of discs held in a
complex posture. Part I used a compression rate of 40 mm/
min, equating to a test duration of around 5 s, much slower
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than would be expected in a typical in vivo manual han-
diing situation. Electromyographic studies have shown that
between 0.5 and 1 s is required for the muscles of the
spinal column to generate a response to a ‘surprise’
imposition of load [4, 5] and this would equate to an
~tenfold increase in loading rate over that used in Part L

Although there is evidence for loading rate having an
influence on disc failure mode, the controlling mechanisms
are less clear. It is well established that heavily hydrated
connective tissues such as the intervertebral disc and
articular cartilage display strong strain-rate-dependent
mechanical properties [6-8] and this derives from their
ultra-low permeabilities restricting the ease with which
matrix water can be driven out under an under an applied
deformation or strain. The more rapidly this is applied, the
greater the induced stress for a given strain with the
potential for additional mechanisms and degrees of
disruption.

The aim of this new study was to use the same complex
loading employed in Part I but with a compressive rate an
order of magnitude higher, so as to investigate how a more
realistic posture and loading rate might influence disc
failure.

Methods

Lumbar spines from female sheep, 2—4 years in age and
thus with either partially or fully closed growth plates (i.e.,
mature or nearly so), were collected immediately following
killing and stored for up to 6 months at —28 °C. There was
no evidence of degeneration in any of the lumbar spines
based on a macroscopic inspection of the transected discs.
As described in Part I, the ovine lumbar spine is a well-
accepted model for biomechanics studies.

As before, these ovine motion segments were subjected
to flexion with an offset compression causing translation/
shear limited by the facet joints. Our objective was to
simulate the situation arising when bending and twisting
while lifting a heavy object, and thus involving elements of
flexion, lateral bending, axial rotation, anterior—posterior
shear and lateral shear. Thus, discs were subjected to an
offset compression whilst rotated to drive the disc to its
limits of motion, constrained (or governed) by the facet
joints and then compress it to failure in this posture
(Fig. 1).

Each potted motion segment was positioned in the rig
with its long axis tilted laterally 20° to the machine com-
pression axis (see Fig. Ic, d) as a means of applying a
component of lateral shear to the motion segment when
compressed. The segment was then rotated 5° anti-clock-
wise as viewed from above (see Fig. le, f) about its long
axis. Finally, 7° of flexion, approximately the limit of
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physiologic flexion for ovine discs [9], was applied in the
plane corresponding to the original sagittal plane of the
motion segment before it was rotated (see Fig. 1a, b). The
flexion in this plane, being offset to the disc’s sagittal
plane, had the effect of adding a small component of lateral
bend.

By retaining the facet joints, we intended to ensure that
the disc was constrained to an approximation of physio-
logic loading as in previous investigations [3, 10]. The
result was a complex posture consisting of elements of
flexion, and translation involving anterior—posterior shear
and lateral shear which, therefore, would also include a
small amount of lateral bending and axial rotation. Shear
and bending measurements were obtained using two video
cameras appropriately positioned with respect to the pri-
mary axes of rotation—see the overlaid initial and post-test
images in Fig. la, c. Similar to the low rate study in Part I,
average induced shear was 4.1 = 0.7 mm to the right hand
side, 2.2 £ 0.6 mm anteriorly, and with the opened left
facet unable to provide sufficient constraint, a net lateral
bend to the left of 1.3° & 0.2°.

The compression rate was increased to 400 mm/min
(referred to as ‘high rate’) ensuring a crosshead displace-
ment of around 3 mm within 0.5 s to produce motion
segment failure at a “surprise” rate of loading [3].Samples
were compressed using an Instron materials testing
machine under load control and test termination criteria
were adopted from previous studies [3, 10] set at either
15% load drop or a driven displacement of 3 mm, which-
ever came first. As before, these criteria were selected
based on preliminary trials and were intended to accom-
modate both the accuracy of the control system of the
Instron and the natural variation in the samples and the
combination of these factors produced a range of levels of
damage, also consistent with previous investigations
[3, 10].

For this high rate study, 37 motion segments from 13
spines were tested. Based on examination of the load—
displacement curves, 7 tests were terminated prior to any
drop in load (early stage) thus providing a useful insight to
the initial stages of disc disruption. Generalised load—dis-
placement plots were of the same type as those published in
flexion overload studies [3, 10]. 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 acid as in previous
studies [3, 10]. Each sample was then bisected sagittally
and cryosectioned to obtain 30 um thick sections along one
of the two planes (Fig. 1g, h; Table 1) namely (1) the ‘45°
sagittal plane’ (22 samples) which minimised trimming
losses of the central posterior and lateral annulus, as well as
encompassing the anterior annulus, and (2) the ‘sagittal
plane’ (15 samples), a commonly used plane that allowed
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Fig. 1 The complex posture incorporated 7° of forward flexion (a,
b), a 20° right lateral tilt (¢, d), and a 5° anticlockwise rotation of the
motion segment in the rig (e, f). Note the offset flexion axis adds an
element of right lateral bend. When compressed the translation/shear

direct comparison with earlier studies [9, 12]. Slices were
microscopically analysed in their fully hydrated state using
DIC (Differential Interference Contrast) optical micro-
scopy. With a 0.7 mm interval, between 12 and 18 sections
were examined per half disc block.

As described in Part I, failure modes were recorded
according to type, (listed and illustrated schematically in
Fig. 2).

All data obtained were compared with the ‘low rate’
complex loading study (Part I), and with previous studies
using simple flexion at the same ‘Jow’ and ‘high’ rates
[3, 10]. The severity of annular damage between the left
and right halves of each disc in this study was assessed and
assigned a damage score. Noting that all structural obser-
vations were obtained from sections cut either sagittally or
at 45°, any comparison of damage scores between left and
right was always made on the same disc to eliminate this
section plane effect. Damage scores were first averaged for
three slices per disc half, then the 37 scores for each side
were statistically analysed using the paired ¢ test.

., Applied Force

is governed by the facet joints. (a, £) Overlaid images of pre- and
post-compression of the same segment from lateral and posterior
views, respectively. g, h Indicate the two section planes employed:
45° sagittal and sagittal

Independent ¢ test or Analysis of Variance was used to
compare mean data among groups, with differences
between groups analysed using the Least Significant Dif-
ference post hoc analysis. Statistical analyses were per-
formed using SPSS 21.0 (IBM Corp., Armonk, NY, USA).
P < 0.05 was considered significant.

Results
Mechanical observations

The bony structures of the facet joints of all 37 segments
survived the test intact, indicating that the complex loading
that was applied at the high rate did not exceed their
physiologic limit. It should also be noted that previous
investigations indicate that 7° of flexion on its own is well
below that required to damage the disc [3, 10].

Table 2 lists the failure loads for samples subjected to the
complex loading together with previously obtained failure
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Table 1 Details of damage after 400 mm/min compression loading in a complex posture; samples 1-7: tests stopped at an early stage of failure.
Samples 8-37: tests with gross failure as indicated by a drop in applied load

Sample Section plane Damage modes presented Location of annular damage Iustrated in figure
14 My M, ET
1 CLA400 2 L1-2 Sag U . Post 4 PLat + Ant
2 CLA400 2 L5-6 Sag . . Post + PLat + Ant
3 CL400 3 L1-2 Sag . Post
4 CL400 3 L34 Sag . Post + PLat Figure 5d
5 CL400 4 L1-2 Sag . . Post + PLat
6 CLA400 4 L34 Sag . . Post + PLat 4+ Ant
7 CLA400 8 L5-6 458ag ® . . ® Post + PLat + Lat 4 Ant
8 CL400 1 L34 Sag . . . Post + PLat + Ant Figure 7
9 CL400 1 L5-6 Sag . . Post + PLat + Ant
10 CLA400 2 L34 Sag . . Post + PLat + Ant
11 CL400 3 L5-6 Sag » . . Post + Plat
12 CLA400 4 L5-6 Sag ° . Post + PLat + Lat + Ant
13 CL400 6 L1-2 45Sag . . . Post + PLat + Lat
14 CL400 ¢ L34 45Sag . . . . Post + PLat + Lat + Ant
15 CLA00 6 L5-6 45Sag ® . Post + PLat + Lat + Ant
16 CL400 7 L1-2 45Sag ° ° ® Post + PLat + Lat + Ant
17 CL400 7 L34 458ag . . * Post + PLat + Lat + Ant
18 CL400 7 L5-6 45Sag . . » Post + PLat + Lat + Ant
i9 CL400 8 L1-2 45Sag . . Post
20 CL400 9 L1-2 45Sag » ® . Post + PLat + Lat
21 CLA400 9 L34 45Sag ° . . Post + PLat + Ant
22 CLA00 9 L5-6 45Sag . » . » Post + PLat + Lat + Ant
23 CLA400 10 L1-2 458ag e . Post + PLat + Lat + Ant Figure 3
24 CL400 10 L3-4 45Sag . . . Post + PLat + Lat + Ant Figure 4
25 CL400 10 L5-6 45Sag ° ® . Post + PLat + Lat + Ant
26 CL400 11 L1-2 45Sag e . . Post + Plat Figure 5a—<
27 CLA400 11 L3-4 458ag ° . . ° Post + PLat + Lat 4+ Ant
28 CL400 11 L5-6 45Sag » . . Post + PLat + Lat
29 CL400 12 L1-2 Sag * . Post + PLat + Ant Figure 5
30 CLA00 12 L3-4 Sag ° . ° Post + PLat + Ant
31 CLA400 12 L5-6 Sag . . Post + PLat + Ant
32 CL400 13 L1-2 Sag . . . Post + PLat + Ant
33 CLA400 13 L3-4 45Sag e . Post + PLat + Lat + Ant
34 CL400 13 L5-6 45Sag . . ° Post + PLat 4 Lat + Ant
35 CL400 14 L1-2 45Sag o . . Post + PLat + Lat 4 Ant
36 CLA00 14 L3-4 458ag . * . * Post + PLat 4 Lat 4 Ant
37 CL400 14 L5-6 458ag . . . Post + PLat 4+ Ant

V vertebral fracture, M, direct mid-span tear, including the outer wall, M,. non-continuous mid-span tear, ET annulus-endplate tear, Post

posterior, Plar posterolateral, Lar lateral, Ant anterior

load data for similar motion segments overloaded in either
‘low rate’ complex loading (see Part I) or in simple flexion at
both ‘high rate’ and ‘low rate’ [3, 10]. The average peak
failure load under ‘high rate’ complex loading [6.96 kN (STD
1.48 kN)] was significantly lower than ‘low rate’ complex
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loading [8.42 kN (STD 1.22 kN)] and simple flexion at either
the ‘low’ or ‘high’ rate [9.69 kN (STD 2.56 kN) and 9.58 kN
(STD 1.96 kN), respectively]. The peak failure load was, on
average, higher in the more caudal segments, this difference
being significant between L1-2 and L5-6.
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Fig. 2 Motion segments contained one or more of these four types of
damage: a endplate fracture (V) in which the osseous endplate itself
was broken and the resulting defect penetrates the vertebral body,
b mid-span direct tearing (My) in which the annular wall suffered
rupture spanning several adjacent lamellae, ¢ mid-span non-contin-
uous tearing (M,,.) in which several alternate lamellae ruptured, and
d annulus-endplate tears (ET) which involved damage to the
annulus-endplate junction

Microstructural analysis of damage

Damage types for all 37 tested motion segments are sum-
marised in Table 1.

General patterns of disruption for tests terminated
after peak load

All 30 segments (100%) contained mid-span non-continu-
ous annular tears. Direct radial rupture within the mid-span
annulus was present in 29 samples (96.7%). Vertebral
endplate fracture occurred in 16 segments (53.3%). Both
direct radial tears in the mid-span annulus and vertebral
endplate fractures occurred in 15 segments. Disc—endplate
junction tears were present in 10 segments (30%). Posterior
annular failure involving either M. or My modes, or both,
was present in 30 segments (100%), whereas anterior
annular failure occurred in 24 segments (80%), again
involving both M. and My modes. Annular tearing on the
left side of the disc, both anteriorly and posteriorly, was
more severe than on the right side (Table 3).

Image sets illustrating damage types

Note, the specific sample for each figure is detailed in
Table 1.

Figure 2 shows a series of images from a segment suf-
fering both direct radial and non-continuous tearing. The
most central posterior region (Fig. 3a) has the beginnings
of a radial tear (hollow arrow) together with non-continu-
ous tearing as evidenced by the alternating intact and
ruptured lamellae (solid arrows). In moving slightly later-
ally to the section in Fig. 3b, the direct radial rupture is
now more advanced and this in combination with more
non-continuous tearing has increased the disorder of the
annular lamellae with inner ruptured elements being swept
into the primary breach. Advancing further laterally in
Fig. 3¢ the damage is much less severe, consisting of a
series of relatively minor inter-lamellar delaminations
having only limited radial connectivity with each other. A
significant level of distortion persists in the otherwise lar-
gely intact lamellae which appears to be generated by the
intrusion of nucleus (see arrow).

Figure 4 illustrates a disc with a direct radial rupture in
the mid-span annulus. The central slice in Fig. 4a shows a
large pocket in the peripheral annulus that has been filled
by displaced nucleus material. Moving more laterally to
Fig. 4b, the disc wall is completely ruptured, thus facili-
tating this nuclear displacement. Advancing laterally still
further to Fig. 4c, more nucleus material can be seen
retained within the annulus but with some lamellae either
side of the displaced nuclear mass still unruptured. This
suggests that the nucleus material has both extruded
directly through the radial rupture shown in Fig. 4b and
also tracked some distance circumferentially between
lamellae. Note also the inwards collapse of the medial
lamellae in all three images, indicative of a loss of nuclear
pressure following the extrusion.

Figure 5a—c illustrates failure involving a combination
of direct radial rupture, non-continuous tearing, and end-
plate fracture. Progressive sectioning showed that the
fracture in the superior endplate extended from the poste-
rior right through to the anterolateral aspect (see approxi-
mate fracture path marked with an irregular line on
schematic inserts). A near complete direct rupture of the
posterior annulus is shown in Fig. 5a. More posterolater-
ally, non-continuous annular damage is indicated by the
rupture of alternate lamellae (Fig. 5b). Still more laterally
(Fig. 5¢) there is only minor delamination of lameliae.
Also, nuclear material can be seen extruded through the
fracture site visible in Fig. Sb, ¢ (see circled sites). Fig-
ure 5d, is from another disc, offering a view of a fracture
through the endplate only.

Figure 6 shows one of the 24 segments with radial ruptures
extending across multiple lamellae in both the anterior and
posterior annulus. The most medial section (see Fig. 6a)
showed no indication that nuclear material had been extruded
from the posterior and anterior regions, but progressing laterally
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Table 2 Comparison of motion segment failure by compression with: a complex posture at high rate (CL400), a complex posture at low rate
(CLAQ)—ref Part I, previously published flexed posture at high rate (F400), and previously published flexed posture at low rate (F40)

CLA00 CL40? F400 FA40°
Posture 7° flexion, 20° offset 7° fiexion, 20° offset 10° flexion, vertical 10° flexion, vertical
compression, 5° axis rotation ~ compression, 5° axis rotation  compression compression
Loading rate (mm/min) 400 40 400 40
Segments tested (including 30 37) 21 (30) 16 (24) 19 24)

carly stage termination)

Load at failure (kN) 6.96 (STD 1.48) 8.42 (STD 1.22) 9.58 (STD 1.96) 9.69 (STD 2.56)

(3.58-9.82) (5.93-10.92) (5.92-12.91) (6.10-15.00)
Prevalence of damage typesd
Vertebral fracture 16 (53.3%) 7 (33.3%) 4 (25.0%) 9 (47.4%)
Non-continuous tearing 30 (100%) 21 (100%) 1 (6.3%) 1 (5.26%)
Direct radial tearing 29 (96.7%) 8 (38.1%) 4 (25.0%) 6 (31.6%)
Disc—endplate tearing 10 (33.3%) 9 (42.9%) 9 (56.3%) 3 (15.8%)
Anterior annular tearing 24 (80%) 2 (6.7%) 1(6.3%) 0 (0%)

Quantitative data are expressed as mean = standard deviation

? Refer Part I. A more realistic disc herniation model incorporating compression, flexion and facet-constrained shear: a mechanical and
microstructural analysis. Part I: low rate loading

® Data from ‘How Healthy Discs Herniate’ [10]. Refer to Table 2, ‘Neutral + high rate’

¢ Data from ‘How Healthy Discs Herniate’ [10]. Refer to Table 2, ‘Flexed + high rate’, endplate failure and disc herniation combined, with five
early stage tests (detailed in Table 3) excluded; S1 L1-2, 83 L1-2, 83 L5-6, S8 L34, S8 L5-6

9 Only those tests terminated after peak load were counted

Tabie 3 Comparison of severity of annulus and endplate damage between left and right side of disc

Left side Right side P value
Anterior annulus 1.784 (STD 1.057) 1.279 (STD 0.898) 0.001
Posterior annuilus 1.910 (STD 1.011) 1.360 (STD 1.109) 0.004
Disc—endplate tearing 0.460 (STD 0.695) 0.441 (STD 0.681) 0.876
Vertebral fracture 0.216 (STD 0.534) 0.189 (STD 0.397) 0.786

Scores for each type of annular damage 0: No such type of damage presented.

1: Single mid-span lamella delamination or circumferential tearing (M,.) (e.g. Fig. 5¢)

Score for Disc-Endplate tearing

Scores for each type of endplate damage

N = O N = O K Wi

: Muitiple mid-span lamellae delamination or circumferential tearing (M) (e.g. Fig. 3a)
: Direct mid-span radial rupture (My) across multiple lamellae (e.g. Fig. 4b)

: Direct mid-span radial rupture (My) across entire annulus (e.g. Fig. 7b)

: No such type of damage presented

: Nucleus-endplate tearing OR annulus—endplate tearing

: Nucleus—-endplate tearing AND annulus—endplate tearing

: No such type of damage presented

: Fracture contained within endplate (e.g. Fig. 5d)

: Fracture of endplate and vertebrae (e.g. Fig. 5a—c)

Quantitative data are expressed as mean £ standard deviation

there is clear evidence of such extrusion especially through the
anterolateral annular rupture (see Fig. 6b, c).

Figure 7 illustrates damage involving annulus-endplate
tearing (observed in 11 segments). The most medial
image (Fig. 7a) shows the tear extending from the
nucleus region (small arrow) to at least the mid-annulus
(hollow arrow). Moving progressively laterally, we can
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see that this endplate tear reverts to a more direct mid-
span annular rupture (Fig. 7b). Image Fig. 7c indicates
that advancing even more laterally the endplate tear is
less extensive with both direct mid-span rupture and
circumferential delamination dominating the damage
modes. This image also shows a mass of completely
detached nuclear material that has been extruded through
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Fig. 3 A disc with circumferential tearing (solid arrows) and direct
tearing (kollow arrows). a Predominantly tearing of alternate lamellae
in the posterior central region. b The radial tear connects to the inner

the posterolateral rupture but contained within the pos-
terior ligament (solid arrow).

Discussion
This study has shown that not only are multiple modes of

damage common when compressing a segment in a com-
plex posture but also that the disc—endplate system is

annulus in a further lateral section. ¢ Damage persists further laterally
as delamination and distortion (see arrow head). Note that the x and
y in image indicate the orientation of cutting plane

particularly vulnerable to damage when rapidly loaded in a
complex posture. The load at failure was significantly
lowered, and unlike simple flexion or low speed complex
posture loading, direct radial ruptures and circumferential
failure {evidence from non-continuous tearing) in the
posterior and posterclateral regions were commonly
accompanied by disruption extending to the lateral and
anterior disc wall. Anterior concentric tears have been
reported in 75% of human L4-5 discs [11], as well as
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Fig. 4 A disc that experienced mid-span annular direct tearing. a The
central posterior region of the disc, a pocket of nuclear material can
be found within the peripheral annulus (hollow arrow). b A path of

anterior radiating tears in 47% of 10-30-year olds and in
more than 75% of 51-80-year olds. This suggests that the
complex posture and high rate loading employed in the
present study and resulting in disruption of the anterior
annulus may weil have clinical relevance.

Researchers have determined that the damage caused by
flexion usually occurs in the posterior and posterolateral
regions of the disc (~4-8 o’clock region shaded in
Fig. 8a). But, as noted in Part I, it has been shown very
recently that in the flexed posture nucleus material com-
monly migrates into the lateral annulus before tracking
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protrusion through the inner annulus in the posterolateral annulus.
¢ The pocket of nucleus material extends circumferentially to the
lateral region of the disc

circumferentially within the annulus [12]. This is likely due
to the anterior shear generated with the flexed posture
causing one set of the oblique—counter oblique fibres to be
more engaged in load bearing than the other, thus
increasing the probability of overload failure of the lateral
region. The location of this lateral damage highlights how
vulnerable the disc is to loading scenarios that engage to a
greater degree one set of oblique—counter oblique lamellae.

In the current study, we have lateral and anterior
movement of the superior vertebrae (Fig. 8c), resulting in a
shear direction approximately 30° from the coronal plane



Eur Spine J (2017) 26:2629-2641

2637

Fig. 5 a—¢ A disc with both vertebral and annular failure. The
posterior wall has a direct tear in addition to superior vertebral
fracture (a). Moving laterally, the annular tear presents as a
circumferential tear then delamination, and the fracture continues
(b, ¢). A slice taken from a different segment (d) contains a shallow
fracture, through the endplate only

(Fig. 8a). The preferential loading of one counter-oblique
fibre set occurs in the annular regions perpendicular to the
shear direction, illustrated schematically in Fig. 8a (dotted
regions ~4-5 o’clock on right and ~10-11 o’cleck on
left of the figure). The span of affected annular wall on the
left is approximately double the length of that on the right
side, and rather than overlapping with the region of damage
induced by flexion, it could potentially connect with it,
creating a more extended region of structural weakening on

left side of the disc. In fracture mechanics terms, for a
given level of applied loading, a larger-sized region of
localised structural weakening will render the component
more vulnerable to potential failure than a smaller one.
This principle might well account for the more severe
annular damage reported in the LH (left hand) annulus
compared to the RH (right hand)(detailed in Table 3). With
the same complex posture at the ‘low’ rate of compression,
anterior annular damage was rare and non-continuous
tearing was more common or even exclusively on the RHS
in 10/30 of the discs (see Part I). This was attributed to
more stress on the loaded set of lamellae on this side due to
the left lateral bend in conjunction with the right lateral
shear. The contrary damage at the high loading rate, as well
as frequent damage in the anterior wall is clear evidence
that loading rate does influence the mechanics of failure.
We suggest that with less time for fluid pressure equali-
sation at the ‘high’ rate, the extra length of wall parallel to
the shear direction on the LHS is critical.

Previous research [13] demonstrated that bending in an
axial plane 30° to the sagittal plane directed the movement
of the nucleus toward the other side of the disc. In the
current study, the motion segments were also bent asym-
metrically (5° offset towards right, Fig. 1), and the annular
damage on the left side was more severe. Perhaps the lack
of time for fluid pressure to more evenly dissipate results in
the asymmetric movement of nucleus becoming a factor at
high rates of loading,

- An increased frequency of endplate fracture was
observed in the present study compared to that found with
either low rate complex loading or simple flexion
(Table 2). In the present study, nearly half of the samples
presenting with annular wall damage ultimately failed by
vertebral endplate fracture. It is unlikely that vertebral
endplate fracture occurred first, with almost all of the
segments with endplate fracture showing annular tears, but
not vice versa. We intuit that the influence of the high rate
is dominant here. With less time for the structural elements
in the hydrated disc to re-adjust viscoelastically to the
internal force trajectories generated by the applied com-
pression in the complex posture, higher internal stresses
will be developed (both hydrostatic in the nucleus and
tensile in the annulus) putting additional elements at risk,
including the rigid endplate tissue.

Like Berger-Roscher [14], we have described complex
postures increasing the risk of failure, though their more
severe posture, and a loading protocol of 1600 cycles at
2 Hz led to more endplate junction failures (76%) and no
herniations. In our high rate acute overload model, the
complex posture appears to compromise the disc wall,
generating fewer endplate junction failures than reported
for high loading rate and 10° flexion [3] (see Table 2; 33.3
versus 56.3% incidence). If we consider the annular—
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Fig. 6 A disc with mid-span annular direct tearing in both posterior and anterior regions. The direct tear can be seen anteriorly and
anterolaterally (a, b hollow arrows) with extrusion of nuclear material evident anterolaterally (b), extending into the lateral annulus (c)

endplate tear shown in Fig. 7, there is no obvious mid-
outer annular—endplate tear, which suggests that the initial
failure was the direct mid-span tear. The endplate tearing
probably relates to the substantial amount of nucleus
extrusion, with the extruded material taking endplate
material with it.

The low incidence of endplate tearing in the early stage
samples (Table 1, samples 1-7) adds weight to the sug-
gestion that endplate tearing is not part of the initiation of
failure for high rate complex loading. The lower angle of
flexion in the complex posture (7° instead of 10°) could be
a factor, in combination with the more extreme shear cre-
ated by this posture compromising other areas of the disc
wall to such an extent that the endplate junction is no
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longer the weakest link. Note, nearly all of the endplate
tearing was separation at the cement-line (as drawn in
Fig. 2d, and shown in Fig. 7), i.e., without bone fragments
aftached. However, in two of the 11 discs with endplate
tears (CL40G0 9 1.56 and CL400 11 L34), a few slices did
have bone attached in areas adjacent to a cement-line tear.
We suspect that this bone damage could have occurred
during processing of the thin section. But it does highlight
the possibility of a rim lesion/bone fracture occurring under
similar loading conditions if the bone is compromised or
not as strong as a healthy young sheep.

Mechanically generated rim lesions, delaminations, and
radiating tears have often been suggested as the first step in
degeneration of the intervertebral joint complex [15-19].
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Fig. 7 A disc with disc—endplate tear in both the nucleus (smail
arrows) and annulus regions (hollow arrow) (a), connected to a mid-
span annular direct tearing (b). The direct tear can also be seen

Importantly, our present study has shown that with loading
in a physiologic posture, it is possible to cause considerable
mechanical derangement of this type. Previous studies have
forewarned us of the disc being especially vulnerable to
loading that is borne by one set of lamellae [20, 21].

posterolaterally {c), along with an isolated pocket of nuclear material
contained within the posterior ligament (solid arrow)

Earlier studies adopting simple flexion have demon-
strated non-significant trends of higher failure loads for
more caudad discs (Part I and {3, 10]). In contrast, the
difference is statistically significant between L12 and L56
for complex postures at both loading rates, suggesting the

@ Springer
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wterior Shear

S

Pre-compression

Fig. 8 a Regions of the disc indicated by a clock face; shaded area
indicating the annulus region most affected by flexion, and the dotted
areas showing the regions principally affected by shear. Two sets of
counter-oblique fibres in a disc subjected to the complex posture are

increased disc size is of more importance with the inclusion
of shear.

In conclusion, multiple modes of damage are common
when a segment is compressed in a complex posture, and
its load bearing ability, already less than in a neutral or
flexed posture, is further reduced with high rate loading.
This study confirms the clinical observation that complex
postures with loading render the disc more susceptible to
failure [1, 22, 23], and that there is rationale for employing
neutral postures along with engagement of core and trunk
musculature in manual material handling activisies.
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In-compression

c

shown; relaxed (b), leaded (c) and failed (d). Note that the loading
puts the fibres of ore counter-oblique direction into tension, and
possible failure
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