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Abstract The intervertebral disc (IVD) is a central piece for spine biomechanics.
When the IVD fails, there is a high chance that one is suffering from degenerative
disc disease (DDD), which is one of the largest health problems faced worldwide.
However, DDD and back pain are also strictly related to the other structures in the
spine, such as the vertebral bodies (VBs) or the connecting ligaments. An important
amount of experimental and numerical works have studied the spine, focusing on
the IVD, the VB or the whole spinal segment, but questions on how degeneration
occurs and what causes it are still to be fully answered. This chapter deals with
finite element (FE) simulations of the non-degenerated human IVD time-dependent
behaviour, using a generic IVD + VB FE model. The outcomes are inside the scope
of different sources of experimental and numerical literature data, proving that this
model is useful to distinguish between healthy and unhealthy loading levels (shown
here as above 600-800 N in activity periods for human spine). In other words, the
numerical simulations with this FE model demonstrated potential to mimic the IVD.
The biomechanical behaviour of the spine is still dependent on multiple factors, but
this increased knowledge on overload levels definitely helps to reduce the risk of
DDD and other spine-related diseases to occur.
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1 Introduction

1.1 Spine Anatomy

A. P. G. Castro et al.

The human spine is a complex system, anchored on an advanced neuromuscular
control and consisting of four major zones, with respect to its vertebral bodies (VBs):
the neck with the cervical VBs (C1-C7), the thoracic VBs (T1-T12), the lumbar VBs
(L1-L5) and the sacral VB (S1). Figure 1 shows a representation of the complete
human spine, which is also denominated as vertebral column or backbone.

This is a stable structure, even if highly mobile. The major functions of the spine
are weight bearing, allowing motion between upper torso and pelvis and protection
of the spinal cord and nerve roots [1, 2]. The functional unit of the spine is the
motion segment (MS), composed by one central intervertebral disc (IVD), the two
adjacent VBs (with the facets) and the peripheral structures (muscles, ligaments and
organ-covering membranes) [3, 4].
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Fig.1 Complete human spine, in both sagittal and frontal views. Adapted from Noailly [1]
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Fig. 2 Anatomy of an MS, with emphasis on the IVD dimensions. Adapted from Raj [5]

The IVD is an avascular highly inhomogeneous porous structure. Its central struc-
tures, the nucleus pulposus (NP) and the annulus fibrosus (AF), are paired structures,
vertically limited by the cartilage endplates (CEPs, covering the NP and one-third
of the AF) and also the vertebral endplates (VEPs, covering the CEP and two-thirds
of the AF). The NP, a jelly structure with embedded fibres, occupies the core of the
IVD. Surrounding it, emerge an amount of concentrically arranged fibres supported
on a porous matrix, which is the AF [5, 6]. The CEP is a layer of hyaline cartilage
that is responsible for most of the nutrients exchange with the VB. Each IVD has
approximately 7—13 mm in height and 35-55 mm in diameter (axial plane). If one
considers the 23 IVDs stacked, this construct would comprise approximately one-
fourth to one-third of the total height of the spine [3, 5, 7]. Figure 2 shows an example
of an MS, with the IVD anatomy highlighted.

The VB is substantially stiffer than the IVD. It is a highly porous and vascularized
portion of bone tissue, containing both trabecular (TB) and cortical bone (CB) [8].
The VEP is mostly composed by CB. The discrimination between the VEP and the
CEP is not always clear, as some authors only refer to the “endplate” and do not
separate these two structures [9]. However, the CEP only covers the internal one-
third of the extension of the AF, which means that this IVD component is also in
direct contact with the VB. From the biomechanical point of view, the interaction
between VB and IVD is essential to keep the healthy functioning of the spine, as
both components support each other, i.e. the flexibility of the IVD compensates the
strength of the VB, and vice versa [10-12].

The regular daily loads acting on the human spine are averagely 200 N during
rest (lying prone) and between 600 and 800 N during activity, if one considers the
load as independent from the type of solicitation, i.e. all the described activities are
equalled to a compressive load. Moderate activities such as level walking, sitting
or carrying light objects are within the group of typical daily loading profiles [13].
Harsher activities, such as lifting and carrying heavy objects, may be represented
through 1500 or even 2000 N loads [12, 14]. Nevertheless, angular movements are
of topmost importance for the spine. Typical moments on the spine for pure flexion
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and extension movements are averagely 4-10 Nm, mostly associated with position
changes [15, 16].

1.2 Intervertebral Disc Degeneration

The degeneration of the IVD is firmly associated with the diseases of the spine,
particularly low back pain. For many years, a considerable amount of studies have
developed efforts to trace the causes and possible solutions for such issue, given that
spine problems are a major cause of disability in western societies. Recent reports
show that the frequency of these diseases tends to augment every year [17, 18].

The causes for IVD degeneration are not yet fully understood, and the complaints
from the patients are also miscellaneous. An assortment of pathways for degeneration
may be numbered: it may start with a fracture (or other damage) on the CEP, as a
result of abnormal loading or calcification [19]. Proteoglycan loss, first on the CEP
and then on the NP, may precipitate degeneration as well [20]. Moreover, it must be
highlighted that CEP failure is one of the most important triggers for degenerative
disc disease (DDD), as nutrition can be interrupted and so the viability of the IVD
cells is compromised. It is thus reinforced that healthy VBs (through the VEPs) are
important to keep the nutrients flow, via outer AF, but this pathway is not enough to
maintain the integrity of the whole IVD [21].

Ageing is one of the most reported factors for IVD degeneration, i.e. problems
such as IVD herniation are associated with senescence of IVD cells. Blood irrigation
of the IVD after CEP calcification and cracking is also a collateral effect of ageing,
as the IVD is not vascularized. This is another example where the VB is determinant
for the healthy functioning of the MS, or how does the VB’s condition directly affects
the IVD [5, 22, 23]. Nowadays, it is also widely accepted that mechanical stress and
inflammatory response are directly connected. At the cellular level, abnormal events
(as chronic loading or severe acute efforts) trigger metabolic reactions (which begin
with lower nutrients supply) that lead to loss of extracellular matrix integrity, and
consequently, losses on IVD functions [19, 23].

Furthermore, the pathway for IVD degeneration may depend on the time of the
day: it is recognized that early hours of the day are more suitable to spine injuries,
so IVDs become more vulnerable to degeneration if subjected recurrently to efforts
during that time. Accumulation of repetitive efforts or, in other words, fatigue has
also an important role on promoting the degeneration due to the low metabolic rate
presented by the IVD [1, 24, 25].

1.3 Objectives

The main goal of this chapter is to identify the mechanical loads and mechanical
properties of the healthy IVD, accordingly to the state of the art of soft tissue and IVD
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constitutive modelling. This objective will be completed with the analysis of several
groups of results, namely short creep (computational tests with duration inferior to
3 h, associated with short-term activities) and long creep tests (computational tests
with the duration of 48 h, related to the human daily activities).

In order to do so, a custom finite element (FE) solver, V-Biomech®, was adopted
[26, 27]. This solver includes an innovative biphasic poroelastic formulation par-
ticularly developed for soft tissues, such as the IVD, coupled with strain-dependent
osmotic swelling behaviour and fibre reinforcement [27-30]. The adoption of this FE
solver offers major advantages over commercial software packages, as the rigidity
of a proprietary commercial code hampers the freedom of the researcher, when the
complexity of the model increases. Given that the researcher has control over the
source code, the verifiability of the software is increased.

Numerical simulations on the IVD biomechanical behaviour include comparison
with experimental data from various sources [31-33], in order to establish an IVD
characteristics framework.

2 Materials and Methods

2.1 Finite Element Model

The FE simulations were performed with the partial MS FE model shown in Fig. 3,
whichincluded L3 and L4 VB (without facets) and the L3-1.4 IVD. The most relevant
material constitutive modelling and properties of the osmo-poro-hyper-viscoelastic

Fig. 3 Sagittal cut of the
partial human L3-L4 MS FE
model, which contains 1892
27-node quadratic
hexahedral elements and
16425 nodes. Adapted from Cortical Bone (VB)
Castro et al. [34]
Trabecular Bone (VB)

Annulus Fibrosus

Nucleus Pulposus

Cartilage Endplate
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Table 1 Constitutive models adopted
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Adapted from Castro et al. [34]. Please check this reference for further information on each model

and fibre-reinforced model are summarized in Table 1 and Table 2, respectively [27,
34].

Several studies have shown the importance of osmotic swelling behaviour to
the IVD biomechanics, namely for the height recovery during rest periods and the
maintenance of healthy IDP levels; in agreement, the model was enhanced with
Wilson’s swelling model [29, 30, 35-37].

Mechanical properties of the AF fibres are assumed to evolve linearly through the
axial plane, both in radial and circumferential directions [28, 38]. Fibre angle also
varies from £23.2° at ventral position to £46.6° at dorsal position [28, 39].

For a more detailed description of the custom FE solver, the biphasic IVD con-
stitutive modelling and MS FE model, the authors would like to refer to Castro et al.
[27, 34].

2.2 Numerical Simulations

Simulations were divided into short- and long-term creep tests. The works of Heuer
et al. [31] and O’Connell et al. [32] were taken into consideration as reference for
short-term tests, while the bioreactor data reported by Castro et al. [34] and Paul et al.
[40] was considered for the long-term tests. The non-degenerated MS FE model (“FE
Nat”) was therefore subjected to different load magnitudes and load rates, in order
to distinguish between healthy and unhealthy load levels. It must be highlighted that
free fluid flow is allowed between the MS components and also on the MS external
boundaries at all times so that no artificial barriers are created to the natural IVD
behaviour.

In the first test, corresponding to the work of Heuer et al. [31], a uniaxial vertical
load of 500 N was applied on the top VB during 5 min (slow loading to allow proper
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Table 2 Material properties of the MS components

NP AF CEP | TB CB
Isotropy Cio [MPa] 0.15 0.18 1.00 41.67 | 3846.15

Co1 [MPa] 0.03 0.045 0.00 0.00 0.00
Permeability | K§ [mm* N7! s71] | 7.5e4 | 7.5¢-4 | 7.5e-3 | 1.0e-1 | 1.0e-1

M 8.50 8.50 8.50 18.0 22.0
Anisotropy k - 300.0 -

k4 = ke [MPa] - 12.0 -
Viscoelasticity | aj 1.7 - -

71 [s] 11.765 | - -

ap 1.2 - -

T2 [s] 1.100 - -

a3 2.0 - -

3 [s] 0.132 - -
Swelling R [N mm mmol~! 8.31450 | 8.31450 | -

K1

T [K] 298.0 298.0 -

Pint 0.83 0.83 -

Pext 0.92 0.92 -

Cext [mmol.mm™3] | 0.00015 | 0.00015 | —

Cro [mmol.mm~=3] | 0.00030 | 0.00018 | —

ngo 0.80 0.70 -

Isotropic (MS ground substances), permeability, anisotropic (AF fibres), viscoelastic and swelling
properties were considered. Adapted from Castro et al. [27]

stabilization of the model) and then held for 15 min. The bottom VB was kept fully
constrained. Lateral and sagittal movements were allowed.

For the second test, three stages were considered: (i) a short free swelling precon-
ditioning period (1 h), (ii) a loading period of 2000 N at 1 N/s (in agreement with the
experimental test of O’Connell et al. [32] and, finally, (iii) a creep stage (1 h). The
global configuration of the boundary conditions was maintained from the previous
test.

The third test had two variants: physiological loading and overloading. This
involves more complex data and longer-term experiments. Experimental bioreac-
tor data from the loaded disc culture system (LDCS), developed by the Depart-
ment of Orthopaedic Surgery of VUmc (Amsterdam, The Netherlands), is here con-
sidered (Fig. 4). In short, the LDCS maintains the IVDs alive for approximately
three weeks after the sacrifice of the animals, under physiological loading con-
ditions. This mechanical stimulation keeps the IVD within its biomechanical and
physiological properties, allowing for degeneration or overloading evaluation [40,
42, 43].
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Fig. 4 Schematic representation of the LCDS system from VUmc. Adapted from Paul et al. [41]

In order to compare the human MS FE model with LDCS data, a normalization
factor of four was applied, i.e. the axial cross section of the human IVD is averagely
four times larger than the goat IVD, so it was assumed that the loads to be applied
on the MS FE model should be four times higher (in magnitude) than the original
LDCS loads. In what concerns to height, no normalization was needed, i.e. the IVD
FE model has an average height of 12 mm, while the goat IVDs registered an average
height of 9 mm. The validity of this approach is supported by the previous reports that
human and goat IVDs produce similar internal stresses, regardless of the geometric
differences [44—47].

Five goat IVDs were considered for this analysis, having that four were kept
under a physiological loading profile (from Goat 1 to Goat 4 Native, abbreviated as
“G1-G4 Nat”), and the fifth was overloaded (“G5 Ove”). The physiological loading
profile resembles activities such as lying down and walking in goats, equivalent to
relaxed standing and unsupported sitting in humans. It consists of a sinusoidal load
(1 Hz) of 150 N average and 100 N amplitude for 16 h (activity period), followed by
other sinusoidal loads (1 Hz) of 50 N average and 10 N amplitude for 8 h (resting
period). It must be highlighted that the transition between the activity and resting
periods is performed with 1 h of triangular loading (0.25 Hz) of 200 N average and
100 N amplitude. These were compared with “FE Nat” model.

For “G5 Ove”, the resting period and the transitions between the two major periods
were kept, but the activity loading profile consists of a sinusoidal load (1 Hz) of 300 N
average and 100 N amplitude for 16 h. This loading profile simulates jumping on
a haystack in goats, equivalent to lifting objects in humans. This experiment was
compared with the equivalent numerical model, “FE Ove”.
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3 Results

Figure 5 shows the comparison between experimental results of Heuer et al. [31] and
the MS FE model outcomes during a 15-min creep test at 500 N of compression.
Figures 6 and 7 show the numerical outcomes of the three-stage short-term creep
test based on the work of O’Connell et al. [32]. Figure 8 shows the comparison
between LDCS experimental results and the MS FE model outcomes, in both native
and overloaded configurations, during two daily cycles.

The assessed parameters, along with the diverse numerical tests, are displacement,
hydrostatic pressure and volume variations. Disc height variation (DHV) refers to the
height difference calculated between the two VBs at each time. Intradiscal pressure
(IDP) is the internal pressure in the IVD tissue, namely in the NP. Osmotic pressure
(OsmP) refers to the osmotic swelling pressure, which regulates the IVD osmotic
balance and healthy pressure levels. Finally, relative volume variations are calculated
with respect to the volume changes occurring during each simulation in the different
IVD components.

Fig. 5 Results of a 15-min
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Fig. 6 Three stages loading test with the MS FE model, based on the work of O’Connell et al. [32],
involving: (i) a preconditioning period, (ii) a loading period of 2000 N at 1 N/s and, finally, (iii) a
creep stage. The following parameters were assessed, considering the full length of the test: a DHV
versus load; b IDP and osmotic pressure of the NP (OsmP); ¢ volume variation of NP, AF and CEP
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Fig. 7 Sagittal cuts of the MS FE model, showing the average hydrostatic pressure distribution
inside the model at the end of each one of the three stages: a after the preconditioning; b after the

ramp loading; ¢ at the end of the test, after the creep phase. The scale is presented on the images
(in MPa)

4 Discussion

4.1 Short Creep Tests

Heuer et al. [31] experimentally measured a range of —1.08 to —1.57 mm of DHV
(average of —1.32 mm), at the end of the 15 min with a sustained 500 N load. At the
same time, the range of IDP was between 0.36 and 0.52 MPa (average of 0.44 MPa).
The correspondent numerical outcomes of the MS FE model are a DHV of —1.21 mm
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Fig. 8 DHV outcomes of
the LDCS goat IVDs and
correspondent MS FE model
for two daily cycles. a The
four native IVDs compared
with the native FE model;

b the overloaded IVD
compared with both native
and overloaded FE model
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and an IDP of 0.41 MPa (Fig. 5). The differences between the values obtained with
the model and those from Heuer et al. [31] are probably related to specimen-to-
specimen variability and material properties [48, 49]. Nevertheless, the numerical
model showed an overall good agreement with the experimental benchmark, having
that the 500 N load allowed the IVD to be kept under physiological conditions [50].

The second short creep test is associated with the experimental test of O’Connell
et al. [32], but considering: (i) a preconditioning period of 1 h, (ii) a ramp loading
period (compressive uniaxial load) of 2000 N at 1 N/s and (iii) a creep of 1 h. Overall,
this test also showed the expected IVD behaviour, with a strong deformation after
1 h of sustained 2000 N (mostly visible in Figs. 6a and 7c). After the ramp loading
period, the DHV is 2.55 mm and the IDP is 1.45 MPa (Fig. 6a, b). The comparison
of these values with the results of the previous tests indicates that the loading rate
influences the stress state of the IVD, but only in what concerns to the pressure
measurements. It must be highlighted that the IDP is lower than the OsmP during
the first hour of the test (Fig. 6b), due to the free swelling conditions.

The final IDP is 1.32 MPa, which is in agreement with the literature data [33,
51]. The evolution of IDP and OsmP reveals a straight response to the applied load,
from the preconditioning to the creep period. The DHV outcomes represent an aver-
age reduction of 20% of the initial IVD height, even if the final DHV calculation
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was 3.29 mm (or 26% of the initial IVD height). These measurements are in good
agreement with the 23% of average axial compression experimentally determined by
O’Connell et al. [32], but they probably represent an (almost) irreversible overloading
effect [40, 43, 52].

Figure 6¢ shows that both NP and CEP were losing volume during the
loading phases of this test. The final relative volume variation values were —13.5%
and —15.1%, respectively. In contrast, the volume of the AF is increasing through-
out the test (8.6% of relative volume variation). This volume increase is due to the
fluid flow and pressure gradients within the IVD. The physiological direction of the
flow is from the CEP into the inner structures of the IVD, so these volume variation
outcomes are most likely in accordance with the literature [53, 54].

Figure 7 confirms that the 2000 N compression is excessive for the MS. Figure 7b
shows a clear bulging effect after the ramp loading, even if it does not seem exagger-
ated. However, after 1 h of sustained 2000 N loading (Fig. 7¢), the bulging is visibly
unhealthy, as the IVD becomes highly deformed. Nevertheless, the NP still contains
most of the pressure, in comparison with the other MS components. The combined
analysis of the outcomes shown in Figs. 6 and 7 suggests that the IVD may be able
to bear up the ramp loading of 2000 N at 1 N/s, on an (almost) instantaneous or
short-term point of view. In that period, the numerical outcomes are inside the range
of the results from the work of O’Connell et al. [32], even if the overloading effect is
already noticeable. The sustainment of those 2000 N for 1 h seems to be noticeably
out of the physiological IVD loading range.

4.2 Long Creep Tests

In what concerns to the third and last test, the comparison of the first two daily cycles
of the native goat IVDs with the equivalent period of the “FE Nat” model (Fig. 8a)
shows that the numerical model is able to reproduce the physiological behaviour of
the goat IVDs, particularly during the activity period. The maximum calculated DHV
during this period was —1.36 mm, while the average experimental measurement was
—1.20 mm. Regarding the resting periods, an important difference is noticed, as the
MS FE model is able to regain all the fluid lost during the activity period (DHV close
to 0). The goat IVDs do not complete the recovery cycle in the same way, as their
average DHV value on the resting period is —0.58 mm.

Nonetheless, these four IVDs maintain the same DHV recovery level from the
first to the second daily cycle, which is a sign of no degeneration [23, 34, 40, 55].
In other words, the DHV results indicate no degeneration but incomplete recovery.
This fact is probably related to the intrinsic behavioural differences between the goat
and human IVDs, namely the specific biomechanical stimuli. The MS FE model
helped to understand that the ideal situation is to fully recover the fluid loss during
activity on the following resting periods. However, the action of AF fibres may also
be limiting the range of DHYV, and this limit situation (stretch constrainment after
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alteration of the loading profile) is not predicted by the MS FE model. This action
shall not be considerably different in human and goat spines.

The overloading case is quite different. The DHV calculated from “FE Ove”
model is unexpectedly distant from the experimental case (“G5 Ove”, as seen in
Fig. 8b), namely during the activity periods. This finding probably indicate that the
MS FE model is excessively sensitive to the applied loads, having that the goat
IVDs presented a limited range of height variation, as previously mentioned. If these
experimental tests were performed in vivo, one might argue about the influence of
the ligaments, but these structures were removed before the [IVDs were tested in the
LDCS. Therefore, this noticeable behavioural difference is almost certainly related
to the intrinsic biochemical and biomechanical properties of the goat IVDs, counting
as well with the contribution of the stretch limit of AF fibres. One may also argue that
the human IVDs could have a larger range of DHYV, due to their larger cross sections
and initial height, but such indication would require further research. However, it
must be highlighted that the DHV after recovery is similar for both experimental
reference and MS FE model.

5 Conclusions

The literature review endorsed the IVD as an inhomogeneous porous tissue. The
IVDs provide six degrees of freedom to each spinal MS, serving as central axial
cushions for the diverse loading efforts, working together with the VBs to keep spinal
healthiness. In vivo studies are problematic and potentially harmful, mostly due to the
proximity of the spinal canals. Therefore, most of the data on IVD biochemistry and
biomechanics comes from in vitro studies. Despite the advances in the experimental
techniques, which are essential to the description of the biomechanical features of
the tissues, the numerical methods are an essential tool to analyse and dissect the
IVD behaviour, as they allow unlimited repetitions and complete control over the
testing conditions.

In order to achieve valid numerical studies, the IVD was accurately modelled
as osmo-hyper-poro-visco-elastic and reinforced with anisotropic fibres. The short
and long creep tests have shown that the behaviour of the native MS FE model is
aligned with experimental and numerical literature data. It was proved that the MS FE
model here developed is able of reproducing experimental studies and also concluded
that loads higher than 600-800 N are potentially harmful to the IVD, despite several
studies indicating otherwise. The creep response of the MS FE model denoted a clear
overload effect when loads of that magnitude were applied, both on displacement and
pressure outcomes, i.e. the recovery process of the IVD is impaired for loads higher
than 800 N, meaning that higher loads will probably accelerate IVD degeneration.

The analysis of LDCS data showed that the overloading mode caused IVD degen-
eration, i.e. the overloaded IVD has shown degradation signs, through unrecovered
height levels, from the first overloading cycle. Nevertheless, the comparison with the
MS FE model was fruitful, also for the physiological situations. Some discrepancies
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were noticed between experiments and simulations, probably due to the undisclosed
physiological damage-prevention mechanism.

In resume, the numerical simulations with the MS FE model showed its validity

and potential to contribute to the understanding of the IVD biomechanics.
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