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Background
I

Low back pain is a top-3 cause of disability in developed countries, and the number
of people affected is increasing worldwide1. Up to 40% of adult persons in the
United States report low back pain in the preceding three months, and with 20-33%
of patients being unable to work, the disease has a major socio-economic impact2,3.
In the Netherlands, recent policy changes in the management of low back pain have
decreased expenditure, but the total costs are still 216 euro’s per capita annually3.
Prevention and therapeutic intervention is hampered because the veritable cause of
low back pain remains unclear. In part, this is because the origin of low back pain
can be in numerous tissues surrounding the spine i.e. muscles, nerves, ligaments,
vertebrae, and intervertebral discs, or a combination thereof.
The human spine is composed of 33 vertebral bodies and 23 intervertebral discs,
and is surrounded by a multitude of muscles and ligaments. From head to toe
(cranial – caudal), the spine is divided into five regions: cervical, thoracic, lumbar,
sacral and coccygeal. Since chronic back pain is predominantly located in the lower
back4, this area (lumbar spine) has received most attention in the research on low
back pain. As a result of this attention, a correlation between low back pain and
intervertebral disc degeneration in the lumbar spine has been established in the
literature2,5–11. Intervertebral discs separate the vertebrae, where they function as
flexible hinges: they resist compressive forces, and allow flexibility to the spine.
Intervertebral discs consist of three anatomical parts, which will be explained in
detail below: the nucleus pulposus, the annulus fibrosus, and the cartilaginous
endplates. The nucleus is the core of the intervertebral disc, and is surrounded by
the lamellae of the annulus fibrosus. Cranially and caudally the endplates limit the
intervertebral disc, and form the anchoring into the vertebral bodies (Figure 1).
The nucleus pulposus is a gel-like, highly hydrated tissue rich in proteoglycans12.
These proteoglycans are loosely bound together by collagen type II fibres.
Proteoglycans consist of multiple chains of glycosaminoglycans bound to a
hyaluronic acid backbone. Glycosaminoglycans are negatively charged, and
generate a swelling pressure, which attracts and binds water in the nucleus
pulposus. The water in the healthy nucleus pulposus generates an intradiscal
pressure which separates the two vertebrae, tensions the annulus fibrosus, and
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distributes pressure evenly over the two adjacent endplates13–16.
The annulus fibrosus is a highly organized fibrous structure. It consists of
approximately 20 concentric lamellae of collagen type I fibres, interspersed with
proteoglycans17,18. The direction of the fibres alternates between lamellae and is
at an oblique angle, approximately 60 degrees from the cranial-caudal direction19.
Additionally, alternating lamellae are connected by translamellar bridges20, creating
a sturdy mesh. The tension in the collagen fibres arises by intradiscal pressure
through two mechanisms: direct outward (radial) pressure from the nucleus
pulposus, and cranial - caudal stretch from the separation of the two endplates by
the intradiscal pressure13,14,16.
Healthy cartilaginous endplates are of uniform thickness, do not bulge into the
vertebrae and appear as homogeneous hyaline cartilage21,22. They are supported
by the subchondral bone of the vertebral body. Healthy cartilaginous endplates
distribute the pressure of the nucleus and the tension of the annulus to the
subchondral bone. Additionally, the vascular buds in the endplate are deemed
essential for the nutrition of the intervertebral disc23.
Degeneration of the intervertebral disc has been defined as an aberrant, cellmediated response to progressive structural failure19. Unfortunately, the aetiology
of intervertebral disc degeneration is as obscure as the cause of low back pain,
and the current consensus is that it is “multi-factorial”19, because a single disease
model is lacking. A degenerated intervertebral disc is characterized by a loss of
disc height and tissue hydration; however, the knowledge with regard to effects of
intervertebral disc degeneration on intervertebral disc function (i.e. biomechanics)
is limited. The relationship between degeneration and biomechanical response is
of interest as biomechanical stresses also influence cellular behaviour, an effect
known as mechanobiology24. Distinct stresses can provide an anabolic or catabolic
stimulus. In order to study these effects, several ex vivo culture systems for large
intervertebral discs have been developed25–30. One of these is the Loaded Disc
Culture System (LDCS)25,31. In this system, an explanted goat intervertebral disc
is cultured under controlled conditions. Culture medium, gaseous exchange and
biomechanical loading can be highly controlled; furthermore, the intervertebral
disc is isolated from other confounding stimuli. Previously, studies in ex vivo
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I

culture systems have established that loading is critical for anabolic stimulation and

I

survival of the intervertebral disc cells25,27,30,32. Additionally, it has been established
that overloading provides a catabolic stimulus and reduces cell viability in the
intervertebral disc31,33.

A

B

Figure 1. (A) Sagittal section of a goat intervertebral disc stained with Alcian Blue-PAS stain. Clearly,
the proteoglycans from the nucleus can be seen (blue stain), as well as the lamellae of the annulus
fibrosus (pink stain). (B) Schematic representation of the intervertebral disc. A gel-like nucleus pulposus
(blue) is surrounded by concentric rings of the annulus fibrosus (hard pink). Cranially and caudally, the
endplates (light pink) form the anchoring in the vertebral bodies (yellow).

Because of the mechanobiological cues, the role of biomechanical loading in the
pathophysiology of the intervertebral disc has received increased attention as a
possible keystone in intervertebral disc degeneration25,31,34,35. As the predominant
function of the intervertebral disc is mechanical, further investigation of the
biomechanical function in health and disease holds the promise to unravel
mechanobiological pathways, and thereby provide therapeutic opportunities to
counteract both intervertebral disc degeneration and low back pain. This because
regenerative therapies (e.g., nucleus implants or cell-loaded gels) can be tailored
to restore the biomechanical function and subsequently could provide an anabolic
mechanobiological environment in the intervertebral disc. Furthermore, knowledge
on the changes in biomechanical behaviour from health to degeneration can
provide a basis for conservative therapies when we assume that we can mimic
healthy behaviour with certain exercise therapies.
Currently, the effect of degeneration on spinal function has been predominantly
studied in bending and torsion tests36–38, or un-equilibrated compression tests39,
and both indicate moderate effects of degeneration on biomechanical response.
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In vivo, the main force on the intervertebral disc is axial compression40, both in
humans and in quadruped animals41. Compression is continuously applied in
varying magnitudes, and as such, the intervertebral disc functions in a dynamic
equilibrium. To date, few studies have investigated the long-term axial behaviour of
the intervertebral disc in dynamic equilibrium. However, since axial compression is
the predominant biomechanical behaviour of the disc, elucidation of this behaviour
is essential. Through the further understanding of this specific behaviour in
health and degeneration, we aim to provide the technical requirements needed
for regenerative therapies and guidance for conservative treatment regimes. The
recent development of aforementioned ex vivo culture systems allows application
of such long-term loading protocols (Figure 2)25,31.
This thesis focuses on the long-term axial biomechanical behaviour of the
intervertebral disc in dynamic equilibrium. Firstly, we investigate what determines
the response to axial biomechanical loading. Secondly, we investigate how the
biomechanical response changes with degeneration. To that end we perform longterm axial loading studies in an ex vivo loaded disc culture system.

Watch for easter
eggs while
reading - Puck

Figure 2. The loaded disc culture system. Axial loading is applied under continuous circulation of
culture medium25.
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Aims and Outline of the Thesis
I

This thesis aims to investigate normal long-term axial biomechanical behaviour
of the intervertebral disc in dynamic equilibrium, and the determinants thereof.
Additionally, the effects of degeneration and subsequent water loss on long-term
axial intervertebral disc biomechanics are investigated. Thereby the specific aims
of this thesis are:
1.

To develop a comprehensive disease model for intervertebral disc degeneration.

To that end we performed a literature review on the processes that occur in
intervertebral disc degeneration. We hypothesized that intervertebral disc
degeneration is effectuated through changes in cell behaviour, extracellular matrix
and biomechanics. These three domains influence each other in a vicious circle.
Additionally, we argued that this vicious circle model can explain most risk factors
for developing intervertebral disc degeneration. Since the relationship between the
extracellular matrix and biomechanical behaviour is the least investigated part of
this proposed circle, the remainder of this thesis focuses on what determines normal
compressive biomechanical behaviour, and how degeneration of the extracellular
matrix affects compressive biomechanical behaviour. This is described in chapter
II.
2.

To assess the role of intradiscal pressure in the normal biomechanical
behaviour of the intervertebral disc in dynamic axial compression.

Axial compressive forces on the intervertebral disc are opposed by the discs’ ability
to build up intradiscal pressure. Chapter III describes a study where we investigated
the interaction between intradiscal pressure and axial loading of the intervertebral
disc, with a focus on how loading and unloading affect this relationship over time. To
that end we performed an in vitro study with caprine lumbar motion segments, in a
simulated physiological loading regime. We hypothesized that prolonged dynamic
loading induces fluid loss from the intervertebral disc; therefore, prolonged loading
should result in reduced disc height and intradiscal pressure, and an increase in
compressive stiffness. Inversely, unloading should stimulate water inflow, and
restore disc height, intradiscal pressure and axial compliance.
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3.

To assess fluid in- and outflow from the intervertebral disc under long-term
axial compression.

In chapter IV, we aim to provide an answer to the enigmatic question of how diurnal
fluid flow can be in balance when loading is twice as long as unloading, and timeconstants for unloading are much longer than those for loading42, 43. The current
hypothesis on this balance is based on a direction dependent resistance to fluid
flow through the endplate; however, fluid flow through the annulus fibrosus should
not be readily discounted. Furthermore, the level of loading itself might affect
fluid flow because disc height and intradiscal pressure depend on loading history
of the disc15, and because hydraulic permeability could be affected by the strain
in the annulus39 or bulge of the annulus fibrosus14. After mechanical loading until
equilibrium, we reduce the medium osmolality to increase the swelling pressure
of the disc. In this study we hypothesized that this induces fluid inflow into the
disc, thereby increasing disc height. Subsequently, changing back to norm-osmotic
medium should induce fluid outflow, restoring original disc height. We hypothesized
that load level will affect disc height at equilibrium, and time constants. Using the
results from this study, we were able to formulate a new hypothesis on the balance
of diurnal fluid flow in the intervertebral disc.
4.

To assess the role of swelling pressure in the long-term biomechanical
behaviour of the intervertebral disc in dynamic axial compression.

Since swelling pressure generated by the proteoglycans determines water
content, and water content determines intradiscal pressure, we hypothesized
that a reduction in swelling pressure would change biomechanical responses in
compressive loading. Chapter V describes a study in which we aimed to quantify
the isolated effect of reduced swelling pressure on the creep behaviour of the
intact intervertebral disc, during long-term physiological loading in a loaded disc
culture system. We did this by increasing the osmolality of the surrounding culture
medium, which counterbalances the swelling pressure of the proteoglycans and
generates fluid-flow from the nucleus to the culture medium. Our hypothesis was
that due to this reduction in swelling pressure, discs will show dose-dependent
degenerative biomechanical creep behaviour in equilibrium i.e. an overall loss
of disc height; impaired recovery of disc height upon unloading39; subsequent
decrease of daily poro-elastic creep; and an increase in compressive stiffness.
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5.

I

To assess how degeneration of the human intervertebral disc affects longterm biomechanical behaviour in dynamic axial compression.

Chapter VI describes a study in which we investigated whether the simulated
changes in biomechanical behaviour from previous chapters are also identified in
degenerated human intervertebral discs. We performed long-term loading studies
on cadaveric human intervertebral discs of different degenerative grades in order
to identify specific changes in axial biomechanical behaviour due to degeneration.
6.

To assess the strength and endurance of a biodegradable glue developed for
annulus closure after needle puncture.

In the study described in chapter VII, we investigated the effect of a biodegradable
glue for annulus fibrosus repair. In this chapter, the endurance of the glue is
evaluated over 860,000 load cycles, and the strength of closure is evaluated in
ultimate fail tests.
Chapter VIII provides a general discussion on the long-term axial biomechanical
behaviour of the intervertebral disc, and a perspective on how adapting spinal
loading could support regenerative therapies.
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Abstract
Intervertebral disc degeneration is a major cause of low back pain. Despite its
long history and large socio-economical impact in western societies, the initiation

II

and progress of disc degeneration is not well understood and a generic disease
model is lacking. In literature, mechanics and biology have both been implicated
as the predominant inductive cause; here we argue that they are interconnected
and amplify each other. This view is supported by the growing awareness that
cellular physiology is strongly affected by mechanical loading. We propose a vicious
circle of mechanical overloading, catabolic cell response, and degeneration of the
water-binding extracellular matrix. Rather than simplifying the disease, the model
illustrates the complexity of disc degeneration, because all factors are interrelated.
It may however solve some of the controversy in the field, because the vicious
circle can be entered at any point, eventually leading to the same pathology. The
proposed disease model explains the comparable efficacy of very different animal
models of disc degeneration, but also helps to consider the consequences of
therapeutic interventions, either at the cellular, material or mechanical level.
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Introduction
Low back pain is a top-3 cause of disability in developed countries, and the number
of people affected is increasing worldwide1. Up to 40% of adult persons in the
United States report low back pain in the preceding three months, and with 2033% of patients being unable to work, the disease has a major socio-economic
impact2,3. In the Netherlands, recent policy changes in the management of low
back pain have decreased expenditure, but the total costs are still 216 euro’s per
capita annually3. Prevention and therapeutic intervention is hampered because
the veritable cause of low back pain remains unclear; however, a correlation with
intervertebral disc degeneration has been documented2,4–10. Unfortunately, the
aetiology of intervertebral disc degeneration is as obscure as the cause of low back
pain, and the current consensus is that it is “multi-factorial”. Numerous changes
in disc morphology and physiology have been described, but these alterations
have not yet lead to a widely accepted disease model. The lack of an accepted
explanatory model limits the understanding of this disabling disease, and hampers
the development of effective therapies.
One of the issues to be resolved is the order and causal relationship of the biological
and biomechanical alterations that occur in intervertebral disc degeneration. Some
authors hypothesize that disc degeneration originates from biomechanical wear
and tear11–13. Other authors focus on the disturbance of physiological cellular
behaviour, mainly based on a loss of nutrition14–17, but recently pathogens have
been implicated as well18. However, these two viewpoints do not exclude each
other, and it is conceivable that different pathological processes cause the same
disease, equivalent to the etiological disease model of diabetes mellitus with
subtypes 1 and 2. In fact, the dichotomy between biology and mechanics currently
seen in the field may be unnecessary, as it has long been recognized that cellular
physiology is affected by its mechanical environment19,20. This relationship, known
as mechanobiology21, has recently also been established for the intervertebral disc22–
, and is deemed instrumental in developing intervertebral disc degeneration25–29.
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Similar to developing wrinkles in the skin, degeneration of the intervertebral disc
is part of normal aging. In analogy to this, the painful degenerative disc disease30
has been likened to accelerated aging of the disc31. As such, it is important to
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realize similar processes occur in aging and degeneration alike, and a clear
discrimination between the two is difficult. Additionally, there is a strong genetic
basis for intervertebral disc degeneration32,33, because genetic information
determines cellular behaviour and structural integrity of produced extracellular
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matrix. Therefore, polymorphisms in genes such as COLIA1 and or ADAMTS5 are a
risk factor for developing degeneration at a younger age34,35. Nevertheless, neither
age nor genetic make-up can be remedied; therefore, it is more relevant to look
at what underlying processes are involved in order to halt or reverse intervertebral
disc degeneration.

Biomechanics

Cells
Figure 1. Basic concept of the
degenerative circle of intervertebral
disc degeneration.

Extracellular
Matrix
In this paper, we present a contemporary disease model of intervertebral disc
degeneration. While this model can not explain low back pain, the development of
a disease model is essential in identifying lapses in knowledge and development
of therapies for associated intervertebral disc degeneration. Our disease model
is based on the changes that occur in the nucleus pulposus, and is in the form of
a positive feedback loop involving cells, extracellular matrix, and biomechanics
(Figure 1). Novel in this model are the mechanobiological cues that close the loop
from biomechanics to cells, and involve a shift from hydrostatic stress to shear stress
in the nucleus pulposus. In order to demonstrate that most common risk factors for
developing intervertebral disc degeneration can initiate the positive feedback loop,
we additionally apply the interactions in this model to human epidemiology, and
observations in the different animal models for disc degeneration. The deliberation
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of the model will be preceded by a short introduction to the functional anatomy of
the intervertebral disc and the changes of structures with degeneration.

The intervertebral disc and its anatomical
structures in health and degeneration

II

Intervertebral discs are embedded between the vertebrae and provide flexibility
to the spine. They consist of three anatomical parts: the nucleus pulposus, the
annulus fibrosus, and the cartilaginous endplates. The nucleus is the core of the
intervertebral disc, and is surrounded by the lamellae of the annulus fibrosus.
Cranially and caudally the endplates limit the intervertebral disc, and form the
anchoring into the vertebral bodies. Discus degeneration is associated with
changes in all these anatomical structures. These alterations have been extensively
reviewed in numerous papers15,30,35–42, hence only short summary of the nucleus’,
annulus’ and endplates’ structure in a normal and a degenerated intervertebral disc
will be provided.
A healthy nucleus pulposus is a gel-like, highly hydrated tissue rich in
proteoglycans43. The healthy nucleus pulposus generates an intradiscal pressure
which separates the two vertebrae, tensions the annulus fibrosus, and distributes
pressure evenly over the two adjacent endplates41,44–46. A degenerated nucleus
pulposus is an unorganized fibrous tissue which has largely lost its capacity to
bind water under compression43. Therefore, the pressure in the nucleus pulposus is
dwindling47, and disc height is lost45,46. Overall, the nucleus undergoes the highest
degree of remodelling during intervertebral disc degeneration44,48.
A healthy annulus fibrosus is a highly organized fibrous structure. It consists of
~20 concentric lamellae of alternating oblique collagen fibres interspersed with
proteoglycans49,50. The collagen fibres are tensioned by intradiscal pressure
through two mechanisms: direct radial pressure from the nucleus pulposus, and
cranial-caudal stretch from the separation of the two endplates41,44,45. Due to a loss
of intradiscal pressure, the annulus fibrosus of a degenerated intervertebral disc
deforms by in- and outward bulging and buckling45,51,52, and shows progressive
increase of structural defects such as: rim lesions, de-lamination and radial
fissures30,41,49. Remarkably, despite these structural changes, there is hardly any loss
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of tensile strength53,54; however, hydraulic permeability changes from anisotropy
favouring the radial direction to isotropy55,56, which could affect the build-up of
intradiscal pressure.
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Healthy vertebral endplates are of uniform thickness, do not bulge into the
vertebrae and appear as homogeneous hyaline cartilage51,57. With intervertebral
disc degeneration, there is an increase in microscopic and macroscopic damage
to the endplate37,58. Additionally, there is a marked increase in sclerosis of the
subchondral bone59–61, similar to degenerated cartilage62. Changes in endplate and
subchondral bone morphology (e.g. fractures or endplate sclerosis) have also been
implicated as preceding intervertebral disc generation (by decompression of the
nucleus12,31,63,64 or impairment of nutrition16,60,65, respectively). Overall, the endplate
can be deemed an important part of the intervertebral disc, because damage to the
endplate is strongly related to both intervertebral disc degeneration and low back
pain5,58,66,67.
Overall, a degenerated intervertebral disc differs from a non-degenerated
intervertebral disc in that there is a marked loss of disc height, a fibrous dehydrated
nucleus, inward and outward buckling of annulus fibres, extensive endplate
damage, and sclerosis of the subchondral bone.

Degeneration of the intervertebral disc;
an interaction between cells, extracellular
matrix, and biomechanics
The nucleus pulposus radiographically shows the most extensive changes in
intervertebral disc degeneration44,48,68, and it is therefore the most thoroughly
investigated. Both the annulus fibrosus and cartilaginous endplates have received
attention in their relationship with intervertebral disc degeneration; however,
changes in these structures are less well documented37,51. Therefore, this section
will focus on the changes in the nucleus pulposus, followed by a short summary
of the effect of nucleus degeneration on the annulus and endplates, and vice
versa. We will discuss the cells in the nucleus pulposus and their interaction
with the surrounding matrix; the effect of the shift of matrix composition on the
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biomechanical behaviour; and the subsequent effect of biomechanical stresses on
cellular physiology. This will show the progressive nature of intervertebral disc
degeneration to be a positive feedback loop as shown in Figure 1.
Cells: from notochordal cells to nuclear chondrocytes
In the human nucleus pulposus, notochordal cells that are present from the early
embryonic formation of the intervertebral disc69,70 show a gradual transition
towards chondrocyte-like cells in the first decade of life37,38. Recently murine fate
mapping studies demonstrated that the mature chondrocyte-like cells in the nucleus
pulposus cells are derived from the embryonic notochord71,72. These mature nuclear
chondrocytes produce collagen type I, but reduced amounts of water-attracting
proteoglycans and collagen type II42. Thus, the transition of the cell population
in the nucleus pulposus from predominantly notochordal cells to chondrocytelike cells leads to a decrease in proteoglycan synthesis and therefore affects the
potential of the nucleus pulposus to maintain it’s structure and composition73,74.
Cells – Extracellular matrix: from anabolism to catabolism
In the degenerating intervertebral disc, there is a progressive increase in the
expression of inflammatory cytokines like IL-1 and TNFα75–77. These cytokines,
expressed by nucleus cells, up-regulate matrix remodelling involved in intervertebral
disc degeneration75,78. Matrix remodelling by the nucleus cells is mainly mediated
by two families of enzymes: Matrix Metallo Proteinases (MMP) and A Disintegrin
And Metalloproteinases with Thrombospondin Motifs proteins (ADAM-TS)36,79. Some
non-proteolytic degradation is also present due to glycation80. In later stages of disc
degeneration, inflammatory cytokines also enhance neurovascular in-growth and
pain response75,78. Altogether, there is a progressive reduction in the expression
of proteoglycans and collagen type II genes with increasing degeneration36,42,48,81.
Simultaneously, collagen type I expression is increased, which indicates a change
in matrix stresses82.
Extracellular matrix: from proteoglycans to collagen type I
The nucleus pulposus extracellular matrix consists of proteoglycans and collagens,
and aggrecan is by far the most abundant proteoglycan in the nucleus43. Proteoglycans
have a negative charge, which causes an osmotic pressure of 420-450 mOsm83.
This osmotic pressure attracts and binds water to the extracellular matrix. In

Vicious Circle of Intervertebral Disc Degeneration

25

II

degeneration, aggrecan is cleaved from the hyaluronic acid backbone84,85. Cleaved
aggrecan fractions do not aggregate43, making them less effective in binding water.
Furthermore, there is a shift of predominantly collagen type II to collagen type I in
the nucleus42. Overall, the biochemical content of the extracellular matrix changes
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from predominantly proteoglycans and collagen type II to a more fibrous tissue
consisting primarily of collagen type I, resulting in a loss of water-binding potential.
Extracellular Matrix – Biomechanics: a reduction in intradiscal pressure
In healthy discs, the negative charge of the proteoglycans generates an osmotic
potential, which is translated into a biomechanical hydrostatic pressure through
the attraction of water. This intradiscal pressure is approximately 0.1-0.24 MPa
when lying supine, and increases linearly with loading of the disc47,86–88, up to
more than 2.0 MPa86. The quantity of bound water can vary, which changes the
intrinsic intradiscal pressure89. In healthy discs, this decrease or increase of bound
water is due to poro-elastic fluid flow upon loading or unloading of the disc,
respectively46,90. In degenerating discs, the increased fragmentation of aggrecan
reduces its effective negative charge, which decreases intradiscal pressure47 and
the ability to retain water under compressive forces91, which is reflected in the
reduction of disc height44,46. The effect of a reduction of collagen type II and an
increase of collagen type I on the biomechanical function of the nucleus matrix is
unknown. However, as collagen type II is more compliant than collagen type I, an
increase of nuclear shear stresses is expected.
Biomechanics: from hydrostatic pressure to shear stress
Intradiscal pressure is essential for the maintenance of biomechanical behaviour of
the intervertebral disc. Intradiscal pressure tensions annulus fibres, and supports
the endplate, and as such is the main determinant of disc height and stiffness in
axial compression45,46. In degenerated intervertebral discs, disc height and axial
compliance are reduced, and radial bulge is increased45,46,92. Another effect of
the reduced intradiscal pressure in the intervertebral disc is the disturbed stress
distribution found in degenerated discs30,93. This disturbance in stress distribution
generates stress concentrations, which increases the risk of endplate fractures or
Schmorl’s nodes, which are increasingly seen with disc degeneration66. A reduction
in intradiscal pressure leads to increased shear stresses in both the nucleus
pulposus and the annulus fibrosus upon axial compression of the spine17,90. Due to
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loss of tension in the annulus fibrosus, motion segments with reduced intradiscal
pressure also have an enlarged neutral zone in shear, bending, and torsion41,45,94–98.
The resultant changes in bending and torsion behaviour of the motion segment may
further increase shear stresses in the nucleus and remodelling of the extracellular
matrix. Thus, the reduction of intradiscal pressure reduces disc height; increases
stress concentrations within the disc; and increases shear forces in the nucleus.
Biomechanics – Cells: a change in matrix stresses alters cellular physiology
The concept that the mechanical environment of cells is important for cell function
is not new. In 1862, Hueter and Volkmann independently hypothesized that
mechanical stimuli directly influence cellular function and matrix synthesis in bone
and joints due to local differences in tension and pressure19,20. Today, the effect
of biomechanical forces on cellular function is known as mechanobiology11,21,25,28.
Several research groups have shown that a distinct compressive force on the
spinal motion segment, both in vivo and ex vivo, can cause catabolic, anabolic and
inflammatory cell responses in the intervertebral disc23,26,99–102. Also, the temporal
characteristics of loading are important as cyclic loading has been shown to be
beneficial as opposed to static loading22,99,103,104. As a result, the relationship between
mechanical behaviour and cell function is argued to be a pivotal component of
intervertebral disc function and dysfunction25,27,28,105.
Cells throughout the intervertebral disc respond to changes in hydrostatic pressure.
In the nucleus, the proteoglycan production at 0.3 MPa is roughly 20% higher than
at 0.1 MPa106,107. Additionally, MMP-3 production is reduced, and tissue inhibitor of
metallo proteins-1 (TIMP) production is increased106,107, which reduces remodelling
of the extracellular matrix. This pressure sensing mechanism of nucleus cells
appears to be impaired in cells from degenerated discs as they respond less anabolic
to physiologic intradiscal pressure108. Cells also respond to the osmotic pressure
of the extracellular matrix, with an optimum proteoglycan production at pressures
between 400-500 mOsm, and a reduced synthesis of aggrecan with declining or
increasing osmotic pressure83,109–111. A decline in osmotic pressure increases MMP-3
production111, and precludes hypertrophy of the normally hyperosmotic nuclear
chondrocytes17,112. Thus, in degenerating intervertebral discs, the drop in intradiscal
and osmotic pressure reduces the anabolic stimulus and increases catabolic stimuli
to the nuclear chondrocytes.
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The shift of hydrostatic pressure to shear stresses in the intervertebral disc has a
distinct mechanobiological effect on the nuclear chondrocytes90,113,114. Similar to
other load-bearing tissues like cartilage and bone, the increase in shear stress will
initiate the formation of a fibrous tissue, rich in collagen type I25,82,114,115. Furthermore,
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increased shear stress increases the production of nitric oxide by chondrocytes114.
Nitric oxide is a reactive oxygen metabolite that reduces proteoglycan production,
and increases apoptosis in cartilage and in the intervertebral disc114,116,117. Thus,
reduction of intradiscal pressure increases shear stresses in the nucleus, and both
may accelerate degeneration in the intervertebral disc.
Nucleus homeostasis depends on endplate and annulus integrity
Although we have focussed on the nucleus pulposus in this section, the homeostasis
of the nucleus is dependent on the confines of a functional annulus and intact
endplates109,118. If damage to either of these structures occurs, the nucleus is
decompressed12,119, and exposed to inflammatory cells from outside the disc78. Both
these effects will result in the degenerative cascade described above. However, if
the nucleus is degenerated, this will also affect the annulus and the endplates. In
the annulus, the reduction of intradiscal pressure will reduce tension in annulus
fibres45 and increase in- and outward bulging12,52. This bulging can increase shear
forces between laminae120, leading to de-lamination of the translamellar bridges121,
and consecutive risk of tears52. In the endplates, the loss of annulus tension and
the reduced stress distribution by the nucleus will alter the biomechanical stresses
on the endplates12,44, which may be the cause of endplate sclerosis, fractures, or
Schmorl’s nodes66.
In summary, the interaction of cells, extracellular matrix and biomechanical
stress is instrumental in homeostasis of the intervertebral disc. In intervertebral
disc degeneration this balance is disturbed. If the cells do not receive the proper
mechanical and chemical cues they will stop producing, or even start degrading
proteoglycans. A reduction in proteoglycans will lead to a drop of the intradiscal
pressure, which will alter the biomechanical stresses on the cells. From this, one can
deduce a positive feedback loop of intervertebral disc degeneration, which contains
cells, extracellular matrix, and biomechanics: the degenerative circle (Figure 2).
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Figure 2. The degenerative circle of intervertebral disc degeneration. Homeostasis of the intervertebral
disc is dependent on the interaction of cells, extracellular matrix and biomechanical stress. If this
balance is disturbed, the cells stop producing proteoglycans, this will give a reduction in hydrostatic
pressure and increase shear forces on the cells. An increase of shear forces further decreases the
production of proteoglycans, leading to progressive degeneration.

Application of the degenerative circle
The degenerative circle illustrates the progressive nature of intervertebral disc
degeneration, but can also explain the different aetiologies of intervertebral disc
degeneration. In this section, we investigate the application of the degenerative
circle in understanding human epidemiology and animal models for intervertebral
disc degeneration. In human epidemiology, aberrant biomechanics (e.g. frequent
lifting122); chemical stress to cells (e.g. smoking123); or damage to the extracellular
matrix (e.g. discography124); all lead to intervertebral disc degeneration. Additionally,
induction of intervertebral disc degeneration in animal models can be effectuated
through: altered disc biomechanics, changes to cell physiology, and damage to the
nucleus, annulus, or endplates. This section will provide examples of the initiation
of degeneration through each of the three domains, i.e. biomechanics, cells, and
extracellular matrix. By applying the model from different angles, we aim to infer
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the generic nature of the degenerative circle, as all discussed examples of human
epidemiological occurrence of disc degeneration and animal models apparently
lead to a similar degeneration of the intervertebral disc (Figure 3). To illustrate the
independence of starting at a specific point in the circle, we start this section by
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discussing biomechanics.
Biomechanics: induction of degeneration
In literature the biomechanical “wear and tear” has long been thought to be a
major cause of intervertebral disc degeneration32,125, mainly because low back
pain and degeneration occur, more frequently than in the general population, in
manual labour workers7, machine drivers7, soldiers carrying loads126, but also in
elite athletes127–129. Interestingly, all astronauts experience low back pain upon the
exposure to microgravity, and on their re-entry130,131, which both may be caused by
over-pressurization of the nucleus. Although genetic research has nuanced the role
of biomechanical factors in intervertebral disc degeneration32, there still is a link
between high loading on the low back and both intervertebral disc degeneration
and low back pain5,7,58,132–134.
An abundance of animal models uses altered biomechanics to induce intervertebral
disc degeneration, including: Tail suspension / Hind leg unloading135,136; Tail
or spinal compression26,137–140; tail bending141–143; spinal shear stress113, and
microgravity144,145. These models show that although the intervertebral disc is
left intact, the altered biomechanical load leads to a catabolic cell reaction and
remodelling of the intervertebral disc matrix over time. Apparently, in animal
models, it does not matter whether the disc is overloaded, unloaded or aberrantly
loaded: altering the biomechanical environment of the intervertebral disc induces a
catabolic cell reaction with detrimental effects on the extracellular matrix.
Cells: induction of degeneration
One of the most influential paradigms on intervertebral disc degeneration is that a
reduction in nutrition of disc cells leads to a catabolic shift15,16,35,65. The hypothesis
is that this is due to the sclerosis of the endplates, which limits endplate pores
and subsequent vascular supply60. It has been established that diffusion into the
disc changes with progression of intervertebral disc degeneration146. However, the
origin of endplate sclerosis should be further elucidated to determine whether
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endplate sclerosis is in fact the cause, or merely an effect of degeneration due to
altered biomechanical stresses in the endplates. Other risk factors like smoking32,123
and diabetes mellitus147, most likely induce disc degeneration by their effect on
cellular physiology. Interestingly, these risk factors may also affect the nutrition of
the nuclear chondrocytes by their detrimental effects on microcirculation35,148–151.
Additional to the effects of nutrition, low-grade infection could possibly trigger
the cells to degrade the matrix of the intervertebral disc18,152, similar to arthritic
diseases153–155.
Intervertebral disc degeneration is found in mice which are exposed to tobacco
smoke156,157, and in rat models for diabetes158,159. The exact pathophysiological
pathway is not clear, but some information may be gleaned from these experimental
models. Disc degeneration in tobacco smoke models is not mediated by genotoxic
DNA damage, but by an alteration of cell physiology160. This may be caused by the
increase of the nitric oxide concentration in the blood, which reduces proteoglycan
synthesis116. In diabetes models, hyperglycaemia could play a role, either by a direct
effect on nucleus cells161,162, glycation reactions with aggrecan80, or by the increase
of the osmotic value of the blood. However, in both models a biomechanical
Tail Suspension
Spinal Compression

Tobacco Smoke Exposure

Tail Bending

Rat Diabetes Model

Spinal Shear

IL-1 Inhibitor Knock-Out

Microgravity

Biomechanics

Extracellular
Matrix
Chemonucleolysis
Annulus Puncture
Endplate Perforation
Traumatic Loading

Cells

Figure 3.
The
efficacy
of
animal models applied to the
degenerative circle. Intervertebral
disc degeneration can be induced
through any of the three main
elements of the degenerative circle,
which further indicates a positive
feedback loop.
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effect cannot be excluded. In smoke models, the vertebral bodies show a marked
increase in porosity, which reduces the structural integrity. In diabetes models,
the overweight may induce overloading. Again, it could also be the negative
effect on the microcirculation that both smoking and diabetes mellitus have in
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humans; however, to our knowledge, the effect of smoking or diabetes on endplate
microcirculation has not yet been investigated in animal models.
Evidence for induction of intervertebral disc degeneration through a catabolic
shift in cells is not well established in animal models, but there is evidence from
IL-1-inhibitor knock-out mice (IL-1rn-/-) that raised levels of IL-1α coincide with
intervertebral disc degeneration after 55 days163. Ex vivo, injection of MMP-3,
ADAM-TS4 or HTRA-1 showed little effect on catabolic gene expression after 8
days164; however, TNFα addition to the culture medium has been shown to have
a persistent catabolic effect on disc cells up to 21 days76. Infectious processes
that induce intervertebral disc degeneration have to our knowledge not been
investigated in animal models.
Extracellular matrix: induction of degeneration
Herniation of the nucleus165, puncture of the annulus124, or endplate fracture63,166
are associated with the long-term risk of disc degeneration in humans. This damage
can be induced through a single traumatic overload166,167, which can damage the
extracellular matrix, both macroscopically12,165 and microscopically168. This results in
a loss of intradiscal pressure119,166,169, and significantly elevated levels of interleukin
(IL)-5, IL-6, IL-7, IL-8, MCP-2, GROα, MIG and NGF166,167. Interestingly, it appears that
the damage to the matrix, either endplate or annulus, is essential for developing
intervertebral disc degeneration, rather than simply the absorption of a distinct
amount of energy170. The induction of degeneration then occurs by decompression
of the nucleus119,166,169, exposure of nucleus cells to matrix fragments171, response to
neurotrophic and angiotrophic factors78, or a combination thereof. This illustrates
that within the domain of extracellular matrix there are different pathways into the
degenerative circle31, which appear to depend upon decompression and exposure
of the nucleus12,166.
In animal models, damage to the extracellular matrix is the most commonly used
method of induction of intervertebral disc degeneration. Whether the damage is done
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by chemonucleolysis172–175, annulus puncture176–179 or endplate perforation169,180,
progressive degenerative disc degeneration is seen. Unfortunately, a comparison
of the chronological order of cellular and biomechanical changes between these
different methods of degeneration induction has not been performed. However,
it has been established that pressure drop181 and the expression of catabolic
agents170,182,183 occur both ex vivo and in vivo. Interestingly, it has been shown
that disc stress distributions in the IVD are influenced more by damage to the
endplate than by injuries to the outer annulus64, but again, direct comparison of
the differences in cellular changes between these two pathways has not yet been
performed.
In summary, both in human epidemiology and in animal models there is evidence
for numerous pathways towards progressive disc degeneration. This is important
because it illustrates why intervertebral disc degeneration has been called multifactorial. The degenerative circle can explain most of the common risk factors
for intervertebral disc disease, and the progressive nature of degenerative disc
disease.

Discussion
In this paper we propose a model for intervertebral disc degeneration: the
degenerative circle. This model is based on the most prominent alterations that
occur in the nucleus pulposus in intervertebral disc disease, and consists of a positive
feedback loop involving cells, extracellular matrix, and biomechanics. Additionally,
this paper aims to provide insights into the pathways into the degenerative
circle based on human epidemiology and animal models for intervertebral disc
degeneration.
Both Adams et al.11 and Colombini et al.184 have proposed pathophysiological
models for intervertebral disc degeneration that include some of the relations of
the degenerative circle. The model of Adams et al. focuses on structural damage
to the extracellular matrix and is progressive due to a frustrated cellular healing
response, mainly because of a drop of intradiscal pressure. Their model thus differs
in two fundamental ways: firstly, it only allows for disc degeneration to occur upon
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damage to the extracellular matrix. Secondly, in their model, mechanobiological
cues are limited to a decrease in intradiscal pressure, and do not include an increase
in shear stresses. However, this seems crucial for the breakdown of aggrecan,
and the transdifferentiation to collagen type 1 producing cells. The model of
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Colombini et al. regards chronic abnormal load as the main cause of intervertebral
disc degeneration; they state that this will lead to a catabolic cell response, and
consecutively an altered matrix. There are similarities with the degenerative circle;
however, again their model differs in crucial ways: their model does not allow
for aberrant cell physiology or damage to the extracellular matrix to induce disc
degeneration, nor does it elaborate on how the catabolic cell response is induced.
Furthermore, their model does not stress the progressive nature through a
positive feedback loop. The degenerative circle thus presents a more complete
view of intervertebral disc degeneration as it allows for multiple ways of induction
of intervertebral disc degeneration, illustrates the progressive nature through a
positive feedback loop, and is the first to elaborate on the mechanobiological cues
that play a role in intervertebral disc degeneration.
The degenerative circle is a simple model. It provides a practical tool for clarifying
the complex interactions of intervertebral disc disease to patients, medical students,
and clinicians. Additionally, this model stresses the importance of the interaction
between cells, extracellular matrix and biomechanical behaviour, and illustrates
that all are important in intervertebral disc degeneration. This is essential because
all three domains and their interactions need to be considered if we want to reverse
or halt the degenerative process. However, the simple elegance of the degenerative
circle has intrinsic shortcomings as it contains some oversimplifications.
Weaknesses in the proposed model include a lack of other feedback mechanisms in
intervertebral disc physiology. Clearly, besides a pathway through biomechanical
changes, there is an also a direct feedback loop from the extracellular matrix to
the cells. This is mainly dominated by the osmotic charge of the proteoglycans.
Numerous other mechanisms (e.g. endplate sclerosis65, the effect of loading on
nutrition185, low-grade infection18, toll-like receptor stimulation171,186) could later
be added to the model, when their effects are further quantified. It is interesting
to note that feedback mechanisms in intervertebral disc degeneration seem to
progress the disease rather than halt it, which is remarkable since feedback loops
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usually poise homeostasis in human physiology. Therefore, more research could
be performed to indentify anabolic feedback mechanisms in the intervertebral disc.
Due to these and other possible effects, the degenerative circle should not be
regarded as a definitive model for intervertebral disc degeneration, but rather as
the backbone of a more detailed model.

II

The choice of excluding genetic influences in the degenerative circle was made
to simplify the current disease model; however, from the literature it is known
that genetic influences play a substantial role in developing intervertebral disc
degeneration32,33. A loss of matrix integrity due to genetic defects (e.g. Col I,
Col IX, VitD, Aggrecan, MMP-3 and MMP-9), has been shown to play a role in the
development of intervertebral disc degeneration35,187. Moreover, Rajasekaran et
al. recently showed that the development of either endplate damage, disc height
loss or annulus tears was associated with deficits in specific genes which code
for the extracellular matrix of respective intervertebral disc parts34. Additionally,
there is a clear role for genes in the biomechanical forces (e.g. length, weight188),
and probably also for the mechanobiological response to biomechanical forces108.
Therefore, the genetic make-up of single patients can be viewed as the background
upon which the degenerative circle is drawn, this is shown in Figure 4, along with
the possible additions to the model.
Animal models studied in a longitudinal manner can be useful in unravelling
different cascades of disc degeneration, and understanding the timing of changes.
Further understanding of the timing of degenerative changes is essential in the
development of prevention and therapies for intervertebral disc degeneration.
Chondrodystrophic and non-chondrodystrophic dogs provide an interesting study
population as the former develops early disc degeneration whereas the latter only
develops disc degeneration at advanced age189. This could help distinguishing
between aging and degeneration, but also indicate what changes precede, and
what changes follow. Furthermore, comparison of the timing of changes between
different ways of inducing disc degeneration (e.g. chemonucleolysis vs. smoking
induced degeneration, or diabetes models vs. overloading) may shed a light on
whether genetics, environment, or matrix damage indeed provide a similar disc
degeneration or if there are differences (and the current disease model should be
updated).
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The degenerative circle is a model for the multifaceted disc degeneration, but does
not explain why some people get low back pain and others do not. It is important to
consider that low back pain is a very heterogeneous symptom, in which a discogenic
origin is just one of the causes190. Discogenic back pain in itself is probably also

II

heterogeneous, depending on damage to innervated parts of the intervertebral
disc (i.e. endplate or annulus)31. Additionally, the nucleus could also give rise to
discogenic back pain, especially upon in-growth of nerve fibres75,191. These could
be triggered by the increase in inflammatory cytokines75–77, which are increasingly
produced with degeneration of the hyaluronic acid backbone171. This in-growth of
nerve fibres should especially be considered in end-stage disc degeneration when
intradiscal pressure drops below blood pressure47, and the relationship with low
back pain is clearest10. Astronauts provide an interesting source for investigating
discogenic low back pain, they are healthy but immediately upon spaceflight and
re-entry experience debilitating low back pain130,131. Hypothetically, this could be
due to straining of the annulus upon unloading in space, and overloading of the
endplates upon re-entry. Their high tendency of developing nucleus protrusion
upon re-entry at least indicates a very high intradiscal pressure131,192, which has
been indicated as a source of discogenic pain190. Degeneration of the intervertebral
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Figure 4.
Additions
to
the
degenerative
circle.
The degenerative circle is
definitely not a final account of
intervertebral disc degeneration,
possible future additions to the
model are included. It is also
important to notice that the
degenerative circle is drawn
upon an individual’s genetic
background, which probably
influences all pathways included
in the model.

disc could also strain the facet joints due to disc height loss193. Similarly, a reduction
of intradiscal pressure increases the neutral zone95,97,98, which transfers the
stabilization of the segment from the disc to adjoining ligaments and muscles194.
Finally, it is important to consider that the speed of progression through the
degenerative circle may depend on the original damage, and pain could be related
to the speed of progression31.
The use of the degenerative circle as a model for intervertebral disc degeneration
has several implications for therapeutic intervention. Currently, there is no cure for
intervertebral disc disease; it cannot be reversed, and there is no evidence that it can
be slowed down. The degenerative circle provides insight into the disease because
it shows that all domains of intervertebral disc degeneration are interdependent
(Figure 2). As such, it suggests that therapies may be more successful if they affect
multiple domains of the degenerative circle in order to slow down or reverse the
progressive structural failure (a reversal of the arrows in Figure 2). An example
of such a multidisciplinary intervention would be a cell-loaded, osmotically active
nucleus replacement accompanied by patient-specific physiotherapy. That there is
intrinsic healing potential becomes more and more clear, as progenitor cell activity
remains present in the human nucleus pulposus74,195,196. Furthermore, healing
potential in the bovine intervertebral disc has been shown by the application of
physiological loads after chemonucleolysis ex vivo24: after 14 days, proteoglycan
content was restored to pre-intervention levels. However, as this was a model of early
disc degeneration, the question arises: is there a point of no return? Additionally, as
intervertebral disc degeneration usually develops over years, the duration of such
therapies should be considered. Extensive coverage of implications for therapy
falls outside the scope of this paper, but this example shows the multi-disciplinary
challenge that researchers face when tackling intervertebral disc degeneration.
Intervertebral disc degeneration and the degeneration of joint cartilage as seen
in osteoarthritis show marked similarities, although they are rarely discussed
simultaneously. Striking similarities are seen on plain radiographs: the loss of disc
height or joint space; the sclerosis of the subchondral bone; and the development
of osteophytes. Furthermore, the extracellular matrix is comprised of similar
constituents (but in another ratio), and similar matrix-degrading enzymes are
present in the process of degeneration. There are also differences such as the type
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of forces applied to the matrix, and the absence of synovial fluid in intervertebral
discs; however, a similar degenerative circle could be a model for osteoarthritis.

Conclusion
II
The degenerative circle provides a comprehensive model for a contemporary view
on intervertebral disc degeneration. It includes a catabolic cell response, changed
extracellular matrix, and altered biomechanics. Rather than just simplifying the
disease, it also illustrates the complexity as all factors are interdependent, which is
why intervertebral disc degeneration has often been called multi-factorial. It solves
some of the controversy surrounding biomechanics, wear and tear, and cellular
physiology by pointing out their interdependency and that all can initiate the
degenerative process. Thereby, the model explains some of the human epidemiology
and the efficacy of animal models. Because all factors are interrelated, it illustrates
why intervertebral disc degeneration is hard to halt or reverse. Rather than being
the definitive model for intervertebral disc degeneration, the degenerative circle
can serve as a backbone to improve scientific discussion and speed-up therapeutic
advancement.
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Abstract
Purpose
Intervertebral discs exhibit time-dependent deformation (creep), which could
influence the relation between applied stress and intradiscal pressure. This study
investigates the effect of prolonged dynamic loading on intradiscal pressure, disc
height and compressive stiffness, and examines their mutual relationships.
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Methods
Fifteen caprine lumbar discs with 5 mm of vertebral bone on either side were
compressed by 1Hz sinusoidal load for 4.5h. After preload, ‘High’ (130 ± 20N)
or ‘Low’ (50 ± 10N) loads were alternated every half hour. Continuous intradiscal
pressure measurement was performed with a pressure transducer needle.
Results
Each disc showed a linear relationship between axial compression and intradiscal
pressure (R2 > 0.91). The intercept of linear regression analysis declined over
time, but the gradient remained constant. Disc height changes were correlated to
intradiscal pressure changes
(R2> 0.98): both decreased during High loading, and increased during Low loading.
In contrast, compressive stiffness increased during High loading, and was inversely
related to intradiscal pressure and disc height.
Conclusions
Intradiscal pressure is influenced by recent loading due to fluid flow. The correlations
found in this study suggest that intradiscal pressure is important for disc height
and axial compliance. These findings are relevant for mechanobiology studies,
nucleus replacements, finite element models, and ex vivo organ culture systems.
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Introduction
Low back pain is a major health problem in that it affects many patients and has
a major macro-economic impact. Up to 40% of adult persons in the United States
report experiencing low back pain in the past three months, and 20-33% of low
back pain patients is unable to work1–3. Recent policy changes in the management
of low back pain have decreased prevalence and expenditure in the Netherlands,
but the total costs of low back pain in 2007 were still 3,534 million euro’s;
roughly 216 euro’s per capita annually2. Prevention and therapeutic intervention is
hampered because the veritable cause of low back pain remains unclear; however,
a relationship is present with intervertebral disc degeneration1,4,5. The mechanisms
of intervertebral disc degeneration are not unequivocally understood, but it is
becoming increasingly clear that mechanical loading, in part, determines both
intervertebral disc physiology and low back pain5–8.
In 1892, Julius Wolff already hypothesized that mechanical stimuli directly
influence cellular function and matrix synthesis, because the trabeculae in
bone were formed along the principal axis of loading9. Nowadays, it has been
demonstrated that biomechanical forces affect the function of numerous tissues,
including the intervertebral disc10–12. Different research groups have shown that a
distinct compressive force on the spinal motion segment ex vivo results in either a
catabolic or anabolic cell response7,13–16. Additionally, compressive forces result in
an increase of intradiscal pressure, which by itself also influences matrix synthesis
and metalloproteinase production in the intervertebral disc17–24. Intradiscal pressure
is decreased in degenerated discs, this leads to aberrant load distribution and
impaired mechanical functioning of the intervertebral disc12,20,25, which may also
negatively affect cell function10,11. Therefore, knowledge on the relation between
axial compression and intradiscal pressure might enhance our understanding of
intervertebral disc function and dysfunction.
Previous in vivo and in vitro studies have shown a linear relationship between
intradiscal pressure and axial compression17,18,26. However, these short measurements
do not fully reflect physiological conditions, because the intervertebral disc has
visco- and poro-elastic properties, which lead to time-dependent deformation
under a constant level of load (creep)27–29. It seems plausible that both tissue
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deformation (visco-elasticity) and fluid flow (poro-elasticity) of the disc, will affect
the relation between axial compression and intradiscal pressure. In fact, changes in
intradiscal pressure under more or less constant load have already been registered
in vivo. In a 24-hour intradiscal pressure measurement in a single human subject,
Wilke et al. showed that intradiscal pressure increased from 0.10 MPa to 0.24 MPa
during sleeping21. This effect was presumably due to rehydration of the disc (poroelasticity). To better understand the time-dependent changes in the relationship
between intradiscal pressure and axial loading, well-controlled biomechanical

III

studies are needed.
The current study was conducted to determine how the relationship between
intradiscal pressure and axial loading changes over time, in a simulated physiological
loading regime. To that end we performed an in vitro study with caprine lumbar
motion segments, under alternating levels of dynamic axial compression. We
hypothesized that prolonged dynamic loading results in reduced disc height and
intradiscal pressure, and an increase in compressive stiffness.

Materials and methods
Specimens and specimen preparation
Fifteen intervertebral discs of skeletally mature 3 to 5 year-old Dutch milk goats
(3 spines, L1-L2 to L5-L6) were obtained from a local abattoir and stored at -20°C.
Within two months of sacrifice, segments were thawed overnight. Soft tissue was
removed, and posterior elements were cut off using a band saw. The discs were
isolated by cranial and caudal parallel cuts, approximately half a centimetre from
the intervertebral disc, to include the endplates and a minimal amount of vertebral
bone. A 1.067mm hypodermic needle was used to make a puncture into the right
lateral side of the intervertebral disc prior to the insertion of a 1.33mm pressure
transducer needle (HP Needle, model CTN-4F; Gaeltec devices Ltd, Dunvegan,
Isle of Skye, Scotland). Adequate position of the pressure transducer needle was
assessed by estimation of depth and direction, and a ‘loss of resistance’ feeling
on insertion. The pressure membrane of the pressure transducer was orientated
to the anterior side of the disc. To prevent expulsion of the needle during testing,
a rubber band was applied from the needle around the disc. To distribute forces
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evenly over the disc, we applied 2ml of methyl methacrylate (Schnellklebstoff X 60;
Hottinger Baldwin Messtechnik GmbH, Darmstadt, Germany) onto the cut surface
of the cranial vertebrae. The disc was positioned under the material testing device
(Instron, model 8872; Instron and IST, Norwood, Canada), and 5N was applied until
the cement had solidified. Finally, the disc was wrapped in a PBS (Gibco® DPBS;
Life technologies, Carlsbad CA, USA) soaked gauze, which sustained a puddle
of PBS around the caudal endplate during testing. Standard scientific practise
is submersion in saline solution, but this was not feasible due to the technical
limitations of the pressure transducer. A pilot experiment comparing submersion
to gauze wrapping showed qualitatively similar axial deformation curves over time
(see: “Supplement to Chapter III” on page 77). All experiments were performed
in an air-conditioned room at 21°C to minimize temperature shift of the pressure
transducer.
Biomechanical testing
The loading protocol was based on earlier ex vivo experiments by Paul et al.7,8. They
showed that alternating high and low dynamic loads in a ‘simulated physiological
loading regime’ preserved intervertebral disc physiology for: biomechanics, cell
viability and gene expression. Their loading protocol consistently showed that 8090% of disc height creep occurred in the first 4 hours of dynamic compression7.
Therefore, the overall duration of the current experiment was 4.5 hours. The
loading regime for all discs consisted of 30 minutes of dynamic preload, followed
by four one-hour sequences. The sequences consisted of two 30-minute dynamic
load phases: first ‘High’, then ‘Low’ (Figure 1A). Both preload and Low load phases
consisted of a sinusoidal load with a mean of 50N and an amplitude of ±10N with a
frequency of 1Hz. The High load phases consisted of a sinusoidal load with a mean
of 130N and an amplitude of ±20N at 1Hz. Transitions between load phases were 20
second ramps, followed by 5 seconds static load at the desired mean load level. A
second pilot experiment was used to determine the High and Low load levels based
on the intradiscal pressures for activity and rest of Reitmaier et al., respectively26,30.
This pilot experiment showed that the intradiscal pressures measured under these
load levels were in the physiological range for daily activity (0.4 – 1.3 MPa)18,20,21,26,30.
Load (N), position (mm) and voltages from the pressure transducer were recorded
at 20 samples per second. To reduce data, only values from every tenth sinus
were stored. Before every other test, the pressure transducer was calibrated in an
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air pressure chamber. Calibration values showed a variation of 0.6-2.8% between
consecutive calibrations. After the test was completed, intervertebral discs were
opened transversely to assess the position of the pressure transducer. Additionally,
photographs were taken from the opened discs to determine surface area of the
entire disc and of the nucleus17. Measurement of mid-disc and nucleus surface
area was performed in ImageJ (NIH Research Services Branch, version 1.45s) by
three independent observers. Mean values of these observers were used for further
analysis.

III

Data analysis
For all data from the cyclic loading, applied stress (N/mm2 or MPa) was calculated from
the applied axial load (N) and mid-disc area for each individual disc. Compressive
stiffness (ΔN/Δmm) was calculated from the slope of the load-deformation curve
for every recorded sinusoidal load cycle. For Low load cycles this was the slope
from 40N to 60N, and for High load cycles this was the slope from 110N to 150N.
The slope was linear in all recorded cycles (R2 > 0.98). Disc height change (mm) was
calculated from the position of the loading device at the start of the experiment
under minimal contact load. Time-dependent changes in disc height (creep) were
calculated from the start of every load phase. Means and standard deviations over
discs were calculated for each recorded time-point in the raw data for: axial load,
applied stress, disc height change, intradiscal pressure, and compressive stiffness.
For each disc, the mean values and standard deviations over all data points within
each High or Low load phase were calculated for disc height change, intradiscal
pressure, and stiffness. To analyse effects of load level and sequence on these
mean values, SPSS (IBM Software, Armonk NY, USA, version 20 for windows) was
used to perform Huynh-Feldt’s repeated measures ANOVA, with spine level as
between subjects factor, and with load level (High and Low) and sequence (4 levels)
as within-subject factors. To evaluate changes within load phases, mean values of
the first and last sinus per load phase were used in a similar ANOVA with first/last
as an additional factor.
In order to correlate stiffness with intradiscal pressure and disc height change,
raw intradiscal pressure and disc height data were averaged within each single
load cycle. Subsequently, after averaging over all discs, linear regression analyses
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between intradiscal pressure, disc height change, and stiffness were performed on
the mean data of all High load phases, in Graphpad Prism (GraphPad Software, Inc.
La Jolla, CA USA, version 5.02 for windows). The same was done for the averaged
data of all Low load phases.
Using complete time series of raw data for each individual disc, linear regression
analysis was performed to assess the relation between intradiscal pressure and
both applied stress and axial load. In order to investigate the changes of these
parameters over sequences, separate linear regression analyses were performed
for each High and Low load phase in sequence one to four, for each individual disc.
Finally, an ANOVA with load level and sequence as factors was applied to assess
effects of load level and sequence on both the intercept and gradient of these
regressions. A p-value < 0.05 was considered statistically significant.
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Figure 1. Test Overview
(A) Schematic chart of the loading protocol showing the Preload at 50±10N, and the four consecutive
sequences with High and Low load phases at 130±20N and 50±10N respectively. Note that the actual
sinusoidal load was applied at a frequency of 1Hz, or 1800 cycles per half hour.
(B) Mean and standard deviation of Disc Height loss, calculated from Disc Height at the beginning of
the test, over the entire experiment.
(C) Mean and standard deviation of Intradiscal Pressure over the entire experiment.
(D) Mean and standard deviation of Compressive Stiffness over the entire experiment.
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Results
All fifteen intervertebral discs remained macroscopically intact during testing, and
we did not observe any leakage of nucleus material along the needle. Pressure
transducer position was adequate in all samples; therefore, all samples were
included in the analyses. The average mid-disc area was 310 ± 17 mm2, and was
similar for cranial (307 ± 5mm2, L1-L2) and caudal (329 ± 14mm2, L5-L6) discs
(p = 0.466). No effect of spinal level was observed in the data. Nucleus area was
approximately one third of the surface area of the disc (104 ± 8.8 mm2). At the
start of the experiment, the average intrinsic intradiscal pressure was 0.44 ± 0.39
MPa, under initial contact load (0.015 ± 0.0085 MPa). During the entire test,
sinusoidal axial loading produced concurrent sinusoidal axial deformation and
sinusoidal intradiscal pressure changes. Discs with higher intradiscal pressure
at the beginning of the test showed a larger drop of intradiscal pressure during
preload and the first High load phase; however, all discs showed similar behaviour
during consecutive loading phases. During preload, all discs showed: a decrease
of disc height; a decrease of intradiscal pressure; an increase of stiffness; and a
decrease of intercept of linear regression analysis between axial load and intradiscal
pressure (Figure 1, Figure 2; all p-values < 0.01).
Overall, both intradiscal pressure and disc height decreased significantly over load
sequences (Figure 1B, C; p < 0.0001). Discs responded differently to High and
Low load phases: during High load phases, disc height and intradiscal pressure
decreased (p < 0.005), while during Low load phases disc height and intradiscal
pressure increased (Figure 2A, B, Figure 3; p < 0.001).
Over sequences, compressive stiffness slightly increased with 1.7 ± 1.6% over High
load phases (p < 0.001), but remained at a similar level over Low load phases
(Figure 1D; p = 0.099). Within High load phases, stiffness increased (Figure 1D,
Figure 2C; p < 0.001). During the Low load phases in sequence 1 and 2, stiffness
increased 6.2 ± 4.4% and 4.0 ± 3.5%, respectively (p < 0.01). Compressive stiffness
remained stable within the Low load phases in sequence three and four (Figure 2C;
p = 0.053 and p = 0.13, respectively).
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The disc height creep observed in this experiment is summarized in Figure 2A.
Averaged data over all discs shows that the disc height loss during High load
phases diminished over sequences (p < 0.005), and the disc height gain during
Low load phases increased over sequences (p < 0.01). Similar results were seen
for intradiscal pressure (Figure 2B). Moreover, the changes in disc height showed a
strong linear relation with the changes in intradiscal pressure during both High and
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Figure 3. Mean data over all discs of Intradiscal Pressure and Disc Height. (A) During High load phases;
mean Disc Height and Intradiscal Pressure decline, highly related to each other (R2 = 0.9886). (B) During
Low load phases; mean Disc Height and Intradiscal Pressure increase, also highly related to each other
(R2 = 0.9915).

Linear regression analysis of mean values per cycle, averaged across discs for
all High or all Low load phases, showed that the compressive stiffness of the
intervertebral discs was inversely related to intradiscal pressure during High load
phases (Figure 4A, R2 = 0.8496). During Low load phases, only a weak inverse linear
relationship was found (Figure 4B, R2 = 0.3384). Comparable linear relationships
were found between changes in compressive stiffness and changes in disc height
(R2 = 0.8493 and R2 = 0.3345 for High and Low loads respectively).
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Figure 4. Results of linear regression analyses between Intradiscal Pressure and Compressive Stiffness;
mean data over all discs (720 data-points): (A) for all High load phases (R2 = 0.8496), and (B) for all Low
load phases (R2 = 0.3384).
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In the 4.5 hour raw data of each individual disc, linear regression analysis showed
a strong linear relationship between intradiscal pressure and both applied stress
(MPa) and axial load (N) (R2 > 0.9181 and R2 > 0.9155, respectively). The trends for
applied stress matched those for axial load; therefore, only graphs for the latter are
shown (Figure 5). For axial load, the gradient of linear regression with intradiscal
pressure was independent of sequence (p = 0.293) or load level (p = 0.807), and this
was similarly for applied stress (p = 0.554 and p = 0.557 respectively). Averaged
over all discs, sequences and load levels, the gradients of the regressions with
intradiscal pressure were 2.2 ± 0.29 MPa/MPa, and 0.0070 ± 0.0011 MPa/N for
applied stress and axial load respectively (mean ± SD). In the regression analyses
of both applied stress and axial load, corresponding values were found for the
intercept of the regressions mentioned above (p = 0.675 in a paired t-test). The
intercept declined over sequences 1 to 4: 0.074 ± 0.091 MPa over High load phases,
and 0.058 ± 0.064 MPa over Low load phases. (mean ± SD, p = 0.005). Additionally,
there was a trend that the intercept was less for High load phases than for Low load
phases (Figure 5, p = 0.086). This was probably due to the decrease of the intercept
during High load phases, and an increase of the intercept during Low load phases
(Figure 2D). Increased convergence of data was observed over time as the standard
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Figure 5. Results of linear regression analysis between Intradiscal Pressure and Axial Load (N) (A) Mean
and standard error of the mean over all discs; the Gradient and Intercept for every individual load
phase are shown. (B) Graphic representation of linear regression analysis between Axial Load (N) and
Intradiscal Pressure of a typical example, Low (left) and High (right) load phases are shown. Individual
bullets appear as vertical lines because of sampling at 20Hz with a declining or increasing intercept
(for High and Low load phases, respectively). Sequence 1 (grey) and sequence 4 (blue) data are shown
to indicate the decline of Intercept over time. It can be appreciated that the slope of all regression lines
is similar.
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Discussion
This biomechanical study was conducted to determine how the relationship between
intradiscal pressure and axial loading changes over time. Intradiscal pressure
declined over time and was strongly related to disc height changes: both declined
during High loading, and increased during Low loading. Additionally, intradiscal
pressure was inversely related to compressive stiffness. Finally, over 4.5 hours of
dynamic loading we found a decline of the intercept of linear regression analyses
of intradiscal pressure with applied stress and axial load; however, the gradient
remained constant over all load phases.
The time-dependent deformation in this study is consistent with known creep
behaviour of the intervertebral disc27–29,31. As aforementioned, creep is the combined
result of visco-elastic tissue deformation and poro-elastic fluid flow. Visco-elastic
deformation is fast and mainly contributes to deformation in the first 60 seconds,
whereas poro-elastic fluid flow is slow and mainly contributes to deformation after
60 seconds29. When using complete motion segments, creep can be found in: the
intervertebral disc; the vertebral bodies; and the cartilaginous endplates. However,
95% of the endplate and vertebral bone creep is visco-elastic and occurs in the first
60 seconds. Between 60 seconds and 10 minutes, vertebral body and endplate
creep combined is only 2.5% of annulus and nucleus creep29. The earliest creep
phase was not included in the analyses as the transitions between load phases were
25 seconds. Although some creep may have occurred in the attached endplates
and vertebral bone, the results reported in this study are mainly the result of poroelastic fluid flow within the intervertebral disc.
Disc height declined with prolonged axial loading and during High load phases,
and disc height increased during Low load phases (Figure 3). When considering
both Pre- and High load phases as loading, and Low load phases as unloading, the
disc height changes in our gauze wrapped discs are similar to previous in vitro
studies of loading and unloading of submerged intervertebral discs7,27,29,31. In vivo,
these changes of disc height due to loading and unloading are the presumed cause
of diurnal fluctuations in body height. In humans, approximately 20mm is lost and
gained during day (loading) and night (unloading) respectively32. Because the poroelastic creep response is an asymptotic curve over time7,29,32,33, the initial changes
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upon loading or unloading are relatively large; therefore, short-term results can
serve as a qualitative reference for long-term behaviour. So, despite the suboptimal gauze wrapping, and the short time frames for loading and unloading in
our experimental protocol, the finding that disc height decreases upon loading,
and increases upon unloading is consistent with in vivo behaviour.
During High loading, the physical loading pressure exceeds the swelling pressure,
and intradiscal pressure decreases as fluid leaks from the disc in a time-dependent

III

fashion (poro-elasticity)33,34. One pathway for water loss is via the endplates. While
the cranial endplate was blocked in this experiment, the caudal endplate would
still allow the transport of water. However, fluid flow through the endplates during
loading and unloading in vitro has previously been shown to be small31. Another
part of nuclear fluid loss could be to and through the annulus31. Upon unloading,
the fluid that is completely expelled from the disc, may not or not completely have
re-entered the disc due to gauze wrapping. This could explain the 5% additional
disc height loss of the gauze wrapped disc in the pilot experiment (“Supplement
to Chapter III” on page 77). However, we do see an increase in disc height and
intradiscal pressure during Low loading, which suggests that there is return of fluid
to the nucleus. We hypothesize that such return of fluid is possible because part of
the fluid that is lost from the nucleus during High loading is only redistributed into
the (inner) annulus and not completely expelled from the disc. Upon unloading,
the higher osmotic potential of the nucleus then retracts water from the annulus,
thereby increasing the intradiscal pressure without influx of external water. The
increase of intradiscal pressure upon unloading is consistent with the results of
Wilke et al., they showed that intradiscal pressure increases 140% overnight21.
Compressive stiffness was inversely related to disc height and intradiscal pressure
during the High load phases of this study (Figure 4). In general, compressive
stiffness increases with increased weight-bearing area. If, as hypothesized above,
water in the intervertebral disc is redistributed from the nucleus to the inner annulus
rather than expelled; this increases weight-bearing area, and thus stiffness. This
hypothesis is supported by previous studies which showed that sustained loading
leads to increased weight-bearing in the periphery of the endplate35, and increased
hydrostatic pressure in the inner annulus36. Another explanation could be the
increase of total disc area due to radial bulge.37 Most likely, both explanations
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play a role. The regression results from Low load phases were more ambivalent.
This may be due to a relatively larger effect of intrinsic hydrostatic pressure during
Low load phases. Additionally, fluid flow directed out of the nucleus is faster than
inwards,27 which may have attenuated stiffness changes in the Low load phases.
The inverse trend of the relationship between stiffness and intradiscal pressure
was present in both High and Low load phases, which suggests that intradiscal
pressure does play a role in axial compliance.
Intradiscal pressure was linearly related to axial load and pressure in the current
study (Figure 5). Concurrently, a linear relationship has been found in all previous
studies17,18,26,38,39. Changes of intradiscal pressure under static load have been
observed by Ekström et al.17, but close examination has not been conducted due
to the short duration of measurements. In the current study, the intercept of linear
regression analysis expressed the intrinsic intradiscal pressure when no axial load
is applied. Results indicated that this is slightly higher for Low loads than for High
loads (Figure 5), in line with the increase and decrease of intradiscal pressure during
Low or High load phases respectively (Figure 2B,D). Furthermore, the decline of this
intercept over load sequences shows that intrinsic intradiscal pressure declines
over time. Because fluid flow from the nucleus is a slow process compared to
visco-elastic deformation29, the poro-elastic fluid flow from the intervertebral disc
appears to be responsible for this gradual loss of intrinsic intradiscal hydrostatic
pressure. These results show that intradiscal pressure not only depends on the
currently applied axial stress, but also on the loads that have recently been applied
to the disc. This is pre-eminently shown by the decrease of intradiscal pressure
during preload. This was qualitatively different to the increase of intradiscal
pressure during Low load phases, which were at an absolute same load level.
In this study, the gradient of linear regression analysis between intradiscal
pressure and axial load was remarkably stable over 4.5 hours of testing, and was
similar between discs (Figure 5). The gradient expresses the effect of changes in
applied stress on intradiscal pressure. The literature expresses this relationship in
ratios. This might be incorrect because the intercept was found to vary between
load levels and over time. Yet, the average gradient of 2.2 in the present study
is higher than values reported in the literature, which describes ratios between
intradiscal pressure and applied stress of 0.98 for pigs17, 1.7 for bovine40, and
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1.3-1.6 for humans18,19,22,38. Possible explanations for this difference could be: the
removal of posterior elements in the current study; differences in intervertebral
disc size between species; or differences in annulus to nucleus ratio. The latter
two interpretations seem more plausible, because measurements of intradiscal
pressure in caprine and ovine intervertebral discs with posterior elements by Bron
et al.39 and Reitmaier et al.26,30, although not specified, also indicate a ratio of at
least 2 between intradiscal pressure and applied stress. Furthermore, the annulus
to nucleus ratio in this study (1.98) was close to the gradient between intradiscal
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pressure and applied stress; this could indicate that the annulus to nucleus area
ratio influences the gradient.
Caprine intervertebral discs were used because they show biomechanical
similarities to human intervertebral discs, and have been used in in vivo and ex
vivo models for intervertebral disc degeneration7,41,42. Goat intervertebral disc
height is approximately 4-6mm43, and insertion of a needle with a diameter of
1.33mm into an intervertebral disc did not seem to interrupt the normal physiology
of the intervertebral disc. Pressure transducer position and orientation is adequate,
because intradiscal pressure in an intact disc is evenly distributed12,20,39. The high
initial intrinsic intradiscal pressure reported in this study is probably due to the
lack of any external load prior to the start of the test, which allowed free swelling
of the intervertebral disc during the overnight thawing. However, the consistency
of the results indicates that the pressure measurement in these non-degenerated
caprine discs was sufficiently accurate for the aim of this study. Changes in
intradiscal pressure due to creep are probably also present in non-degenerated
human intervertebral discs. For degenerated human intervertebral discs, intradiscal
pressure and disc height are generally decreased20,25, but similar effects of creep
are to be expected.
A limitation of the current study was that we conducted our experiments without
submerging the intervertebral disc in saline solution. However, as indicated before,
qualitative creep behaviour (increase or decrease of disc height) was similar between
gauze wrapped and submerged tests, and absolute differences in displacement
diminished to 5% in Sequence 4 (Figure 1 on page 103). Another limitation is the
removal of the posterior elements because physiological loading of an intervertebral
disc occurs in the presence of a neural arch; however, in young, non-degenerated
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human spines neural arch load bearing is less than 10%44. The fifteen intervertebral
discs came from only three spines; however, the creep results found in this study
were similar in all samples between spines; therefore, we are confident that results
would hold for other spines. We did not measure pre-test disc height; therefore,
current results are based on absolute changes rather than relative changes. Despite
these limitations, our results seem representative for physiological intervertebral
disc behaviour.
This biomechanical study has some implications for scientific and clinical practise.
Firstly; recent loading or unloading affects intradiscal pressure measurement or
discometry; therefore, in vivo measurements should be standardized by performing
them at the same time of day, preferably the morning. Lack of standardization
may explain the large variation in previous human in vivo measurements20,21,45,46.
Secondly; the use of a ratio to express the relation between axial stress and intradiscal
pressure is inadequate as this will change due to fluid flow, despite a stable
gradient. Thirdly; the high correlation between disc height changes and intradiscal
pressure changes in this study supports the hypothesis that intradiscal pressure
is instrumental in maintaining disc height37. Further experiments with intradiscal
pressure as independent variable are needed to confirm a causal relationship.
If a causal relationship is shown, height of degenerated discs could possibly be
restored by therapies that increase intradiscal pressure. Finally; 30-minute posture
changes which reduce the loading of the intervertebral disc, e.g. carrying load to
sitting18,20,21,45,46, not only temporarily reduce the stress on the spine, but also have
a sustained effect because of an increase in intrinsic intradiscal pressure due to
fluid flow. This is relevant because a decrease of intradiscal pressure increases
loading of the apophyseal joints44, which is seen as a probable cause for low back
pain.

Conclusion
Prolonged dynamic loading causes a marked decrease of intradiscal pressure
and disc height, and an increase of compressive stiffness. This is largely due to
the poro-elasticity of the intervertebral disc. Therefore, intradiscal pressure is
in part determined by the recent loading of the disc, rather than by the current
load alone. The found relationships between intradiscal pressure, and both disc
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height and compressive stiffness, suggest that intradiscal pressure is important
in maintaining disc height and axial compliance. These results further elucidate
the time-dependent biomechanical behaviour of the intervertebral disc, which is
important for the understanding of intervertebral disc mechanobiology, but can
also be used for the development of nucleus replacements, finite element studies,
and ex vivo culture systems.
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Introduction
This supplement covers a pilot experiment which tested the effect of gauze
wrapping of an intervertebral disc to submerging of an intervertebral disc on disc
height change in a prolonged dynamic loading regime.

Methods
III

One spine of a skeletally mature Dutch milk goat was obtained from a local abattoir
and stored at -20°C. Within two months of sacrifice, the L3-L4 segment was thawed
overnight. Soft tissue was removed, and posterior elements were cut off using a
band saw. The disc was isolated by cranial and caudal parallel cuts, approximately
half a centimetre from the intervertebral disc, to include the endplates and
minimal vertebral bone. To distribute forces evenly over the disc, we applied 2ml
of methyl methacrylate (Schnellklebstoff X 60; Hottinger Baldwin Messtechnik
GmbH, Darmstadt, Germany) onto cut surface of the cranial vertebrae. The disc
was positioned under the material testing device (Instron, model 8872; Instron and
IST, Norwood, Canada), and 5N was applied until the cement had solidified.
This single intervertebral disc was twice subjected to a loading regime. The disc was
first submerged in PBS when performing the loading regime. It was then unloaded
for 24 hours, submerged in PBS. Finally, it was loaded again wrapped with PBS
soaked gauzes. The loading regime consisted of 30 minutes of dynamic preload,
followed by four one-hour sequences. The sequences consisted of two 30-minute
dynamic load phases: first ‘High’, then ‘Low’. Both preload and Low load phases
consisted of a sinusoidal load with a mean of 50N and an amplitude of ±10N with a
frequency of 1Hz. The High load phases consisted of a sinusoidal load with a mean
of 140N and an amplitude of ±100N at 1Hz.

Results
For the submerged test, the last Low load phase was not performed as we did not
program the system correctly. A shows the displacement curves of the submerged
and gauze wrapped test. Overall, the disc subsided more in the gauze wrapped test
than in the submerged test. The absolute values of disc height loss and gain are
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shown in B. In the submerged group, there was less disc height loss during High
load phases, and more disc height gain during low load phases. Overall we saw a
decrease of disc height during high load phases and increase of disc height during
low load phases in both test set-ups. Over the duration of the test, the difference
in absolute change of height between the two test set-ups diminished (from 60%
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beginning of the test, over the entire
experiment. (B) Change of Disc
Height in al load phases.

Load Phases

Discussion
The qualitative creep behaviour (increase or decrease of disc height) is similar
between both test set-ups. Although there is a clear difference at the beginning of
the test between submerged and gauze wrapped testing, this difference diminishes
over time. Unfortunately, these results are not comparable to the eventual
experiment because High load levels differed. As this is a N=1 experiment results
should not be translated beyond the scope of the original paper.

Conclusion
Qualitatively, creep behaviour is similar between gauze wrapped and submerged
tests, and absolute differences diminish over time.

Supplement to Chapter III
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Abstract
Diurnal changes in disc height, which are due to fluid in- and outflow, are balanced
even though daytime spinal loading is twice as long as night time rest. A directiondependent permeability of the endplates, favouring inflow over outflow, has been
proposed to explain this; however, fluid also flows through the annulus fibrosus.
This study investigates the poro-elastic behaviour of entire intervertebral discs in
the context of diurnal fluid flow. Caprine discs were preloaded in saline for 24
hours under different levels of static load. Under sustained load, we modulated
the disc’s swelling pressure by replacing saline for demi-water and back again
to saline, both for 24h intervals. We measured the disc height creep and used
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stretched exponential models to determine the respective time constants.
Reduction of culture medium osmolality induced an increase in disc height, and
the subsequent restoration induced a decrease in disc height. Creep varied with
the mechanical load applied. No direction-dependent resistance to fluid flow was
observed. In addition, time constants for mechanical preloading were much shorter
than for osmotic inflow, suggesting that outflow is faster than inflow. However, the
time constant does not describe the actual rate of fluid flow; close to equilibrium
fluid flow is slower than far from equilibrium. As time constants for mechanical
loading are shorter and daytime loading is twice as long, the system is closer to the
loading equilibrium than to the unloading equilibrium. Therefore, paradoxically,
fluid inflow is faster during the night than fluid outflow during the day.
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Introduction
Diurnal loading of the human spine consists of approximately 16h daytime loading,
and 8h night time unloading, causing a 1.1% difference in body height between
evening and morning1,2. This is attributed to loss and gain of intervertebral disc
height2,3. Disc height changes due to axial compression and relaxation are the
result of poro-elastic fluid flow3–9, directed outward during loading, and inward
during unloading10,11. Although there is superimposed loading and unloading with
changes in activities during the day; overall, posture change and thus fluid flow
follows a diurnal rhythm, and is balanced over time i.e. the disc is in dynamic
equilibrium.
Because daily loading is twice as long as unloading, outflow must be slower than
inflow in order to maintain equilibrium. Currently, the predominant hypothesis
explaining this is a direction-dependent resistance to fluid flow through the vertebral
endplate, favouring fluid inflow over outflow12. However, this hypothesis is based
on the assumption that fluid flow only occurs through the vertebral endplate12. This
assumption is rooted in a sizable body of evidence that shows that nutrients diffuse
via the endplate13–15. However, nutrient diffusion is not the same as interstitial fluid
flow16; therefore, fluid flow via the annulus fibrosus can not be discounted. In fact,
the hydraulic permeability of the annulus fibrosus is 10 times larger than that
of the cartilaginous endplates17,18. Additionally, the annulus fibrosus is permeable
along the entire circumference, but the endplates are only permeable in their center
; consequently, the permeable area for fluid flow is smaller for the endplates.

19

Since the hydraulic permeability and the permeable area are larger, the annulus is
a likely pathway for interstitial fluid flow. Accordingly, more recent studies have
shown that sealing of the vertebral endplates did not influence the response of the
intervertebral disc to loading or unloading in vitro20,21, which strongly suggests that
fluid flow due to loading and unloading predominantly occurs through the annulus
fibrosus rather than the endplates.
The fluid flow in an entire intervertebral disc is difficult to monitor; however, the
effects of this fluid flow (i.e. disc height changes) can readily be monitored. With
loading or unloading, the height of the intervertebral disc shows non-linear and
time-dependent creep towards an asymptotic minimum or maximum22–24. Disc
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height creep can be adequately described using mathematical models22. Previously,
these mathematical models have shown time constants for unloading to be 2.5 –
27 times longer for unloading than for loading23,25, indicating a slower fluid inflow
than outflow, in contrast to the results in the endplate alone12. This paradox has
thus far not been resolved.
Although they are balanced, the driving forces for out- and inflow of fluid are
different in character: during loading, the mechanical compressive pressure
increases intradiscal pressure, which expels water from the intervertebral disc11,12;
whereas, upon unloading the swelling pressure of the nucleus pulposus attracts
water into the disc10. This swelling pressure is generated by the proteoglycans’
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ability to attract and bind water, and is defined as equal to the compressive pressure
that needs to be applied for the tissue to maintain its state of hydration10,26.
Swelling pressure (or potential) changes with nucleus hydration, and with
alterations to the balance in the osmotic charge between the intervertebral disc and
the surrounding tissues

. This results in the following mechanisms: during

10,27,28

loading, intradiscal pressure increases, which expels water from the disc, and disc
height is lost11. Simultaneously, with lower hydration swelling pressure increases
exponentially10,27,28, the increase in swelling pressure opposes the effect of the load
until both are balanced, and fluid flow stops (Figure 1). Inversely, during unloading,
the swelling pressure draws fluid back into the disc, increasing disc height; but as
the disc rehydrates, the swelling pressure decreases28. Presumably, the pressure
difference between intradiscal pressure and swelling pressure determines the rate
of fluid flow. In vivo, this interplay between swelling pressure and axial compression
does not reach equilibrium, because fluid flow is slow due to the low permeability
of the tissues17.
Here we investigate the fluid in- and outflow in an entire intervertebral disc in vitro.
In order to separate the effects of load from the effects of fluid in- and outflow, we
start by applying mechanical pressure until fluid flow halts and intradiscal pressure
and swelling pressure are in equilibrium (phase 0: mechanical preloading). After
reaching equilibrium, we reduce the medium osmolality to increase the swelling
pressure of the disc (phase 1; inflow). This should induce fluid inflow into the disc
(i.e. disc height increase), without changing the mechanical load, hence there is
poro-elastic fluid flow, but limited visco-elastic tissue deformation. Subsequently,
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Figure 1. The relation between mechanical loading of the spine and intradiscal and swelling pressures.
Getting out of bed at T=0 instantly increases intradiscal pressure at a level of 1.5-2 times the axial
40

pressure (dashed black line) . This increase in intradiscal pressure expels water from the intervertebral
disc, but with this reduction of water content, the intradiscal pressure decreases (blue line)9,11. The
reduction in water content in turn increases the swelling pressure within the intervertebral disc (grey
line)10,27,28. The difference in stresses at equilibrium is due to a strain in the annulus fibrosus (intradiscal
pressure is ~0.1 MPa in unloaded conditions).

changing back to norm-osmotic medium should induce fluid outflow, restoring
original disc height (phase 2: outflow). We investigate the disc height creep curves
with a stretched exponential function, and hypothesize that load level affects disc
height at equilibrium, and time constants. Using the results from this study, we
were able to formulate a new hypothesis on the balance of diurnal fluid flow in the
intervertebral disc.

Materials and methods
Five lumbar spines were harvested from 3-5 year old skeletally mature female
Dutch milk goats, and stored at -20°C. While frozen, the discs (L1-L2 to L4-L5) were
located using fluoroscopy, and adjacent vertebral bodies were removed ~3.5mm
from the disc with a band saw. Subsequently, the cutting edge was brushed clean
to remove sawing debris, and rinsed to remove blood cloths. Discs were thawed
overnight before testing.
Intervertebral discs were tested at 37°C, under continuous medium circulation.
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When changing the fluid, the system was flushed in order to remove all the fluid of
the previous phase. Each disc was tested for 72 hours, divided into three phases
(Figure 2): 24 hours of mechanical preloading until equilibrium (phase 0), and two
24-hour phases for inflow and outflow (phases 1 and 2, respectively). Discs were
immersed in saline (~295 mOsmol) during the first and last 24 hours of the test.
During the second 24 hours (phase 1), saline was changed for demineralised water
to lower the osmolality of the fluid (~0 mOsmol), in order to temporarily increase
swelling pressure of the disc.
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Figure 2. Experimental loading protocol of the intervertebral discs. The total testing duration is 72h,
divided into three phases of 24h. During phase 0, a static load is applied as a preload; during phase 1,
the static load is maintained, but medium is changed from saline to demi-water; during phase 2, static
load will be continued but medium is restored to saline.

In order to account for the effect of annulus strain on tissue permeability, four
different static loading levels were compared (150N, 300N, 600N and 850N), which
correspond to goat intradiscal pressures 11 in standing ~1.1 MPa
~2.2 MPa

, standing up ~4.3 Mpa

29,30

29,30

, lying down

29,30

and jumping on a haystack ~6.0 MPa30,

respectively. Load was applied axially with a hydraulic mechanical testing device
(Instron 8872 Canton, Massachusetts). Load and displacement were registered
at 2 Hz. One disc per spine was tested per load level to correct for inter-animal
variability.
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In cartilaginous tissues, osmotic and mechanical loading are considered to generate
equal stress on the tissues26; therefore, reducing medium osmolality reduces stress
from mechanical loading, but without instant visco-elastic tissue deformation.
Stresses can be calculated using the Van‘t Hoff equation31, which states:

𝑂𝑠𝑚𝑜𝑡𝑖𝑐 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑀𝑃𝑎 = 0.1 ∙ 𝐼 ∙ 𝐶 ∙ 𝑅 ∙ 𝑇

In this equation I is the dimensionless dissociation constant of the solute, C is the
molarity of the solution, R is the gas constant, and T is the absolute temperature
at testing. For this experiment, I = 2 for NaCL; C = 0.1538 osmol for 0.9% NaCL;
R = 8.21x10-2 L atm K-1 mol-1; and T = 310˚K. This results in osmotic stress reduction
of 0.78 MPa between saline and demi-water. Previously, we have shown that in goat
intervertebral discs intradiscal pressures of approximately 0.78MPa are generated
with axial loads of 99N11; therefore, we presume a reduction in axial loading of 99N
in Phase 1.
Disc height creep can be described with a stretched exponential or KohlrauschWilliams-Watts function (KWW)22. The KWW stretched exponential is of the form:

𝑥 𝑡 = 𝑑∞ + 𝑑0 − 𝑑∞

𝑒

− 𝑡/𝜏 𝛽

Where t is the elapsed time, τ the time constant, β the stretch parameter, d0 the
disc height at t = 0 and d∞ the disc height at equilibrium (the asymptote when t
is infinite). The fitted curves were optimised for the least summed square of the
difference between the fitted curve and the measured data, and R-squared was
used to describe the quality of the fit. The changes in d∞ between phases are
expressed as Δd∞.
Because compressive stiffness is a biomechanical parameter that is often used to
assess disc function in axial loading studies32, this was additionally investigated
and discussed in “Supplement #1 to Chapter IV” on page 99.
Statistical Analyses
Using SPSS (IBM Software, Armonk NY, USA, version 20 for Windows), HuynhFeldt repeated measures analyses of variance were performed on the dependent
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variables: d∞, τ, and β to test the effects of load phase (within factor, 3 levels:
mechanical preloading, inflow and outflow) and to test the effect of loading level
(between factor, 4 levels: 150N, 300N, 600N or 850N). Repeated contrasts were
used to determine differences between phases. If interactions were found, an
ANOVA for the evaluation of the effect of load level within a single phase was used.
Finally, quadratic fits over Δd∞ data for phase 1 and 2 were made in Graphpad Prism
(Graphpad software, La Jolla, CA, USA, version 6.04 for Windows).

Results
The reduction of medium osmolality increased disc height
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During preloading, the height of all intervertebral discs decreased in response to
the applied mechanical load, and disc height was more reduced with higher load
levels (Figure 3). During phase 1, saline was exchanged for demineralised water,
and all discs gained height. In phase 2, the disc height that was gained during
phase 1 was lost again.

Figure 3. Typical examples of disc height changes over all three phases of the experiment, for discs
from all experimental groups. During mechanical preloading we see a reduction in disc height relative to
the applied load. During phase 1, we see an increase in disc height (fluid inflow) due to the decrease of
medium osmolality. During phase 2, medium osmolality is restored, and disc height is reduced towards
preload levels.
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The KWW model generally fitted well to the data (R2 values > 0.95). Four discs
however fitted less well and their creep curves were subjected to additional visual
inspection. Generally, only the fit for one single phase was not good; therefore,
data of that phase were then excluded for: one disc of the 150N group during
phase 1, one disc for the 600N group for phase 1; and one disc of the 850N group
during phase 2. A second disc in phase 2 of the 850N group did fit well upon visual
inspection, but due to some noise in the displacement signal had a lower R2 (0.76).
Therefore this disc was not excluded. A table of discs used and the results of fits
for all phases is included in “Supplement #2 to Chapter IV” on page 103.
Disc height changes are related to applied loads
There was a significant effect of load level for disc height at equilibrium (Figure
4, p = 0.004). In phase 0, the asymptote of the creep (d∞) was lower for higher
load levels ranging from -0.6 to -2.15mm, approximately 15% and 54% loss of
original disc height (~4mm) for 150N and 850N, respectively. During inflow and
outflow, the difference between the asymptotes (Δd∞) was larger with lower load
levels (p < 0.0001), and this relationship was exponential (Figure 5, R2 = 0.81 and
0.92, respectively). For all load levels, there was no significant difference between
d∞ in phase 0 and 2 (p = 0.376). The absolute change in disc height from phase 0
to phase 1 was comparable to the change in disc height from phase 1 to phase 2
(p=0.376), indicating the same volume of fluid in- and outflow.

Figure 4. d∞ for all phases and all loading conditions. Mean and SD values are given. In phase 0, d∞ is
reduced with increased load. During phase 1, disc height is partially restored, and in phase 2, previously
gained disc height is lost towards preload levels.
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Figure 5. The changes in disc height (Δd∞) for each individual disc upon inflow and outflow, the
relationship between load and changes in disc height was well described with exponential fits (R2=0.81
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for inflow, and 0.92 for outflow)

Time constants for inflow are decreased with higher load levels
There was an interaction between load level and phase (Figure 6, p < 0.0001):
during preload and outflow, there was no effect of load (p = 0.338 and p = 0.557,
respectively), but during inflow, time constants decreased with increasing load
(p < 0.013). Overall, there was an effect of phase (p < 0.0001): the time constant for
mechanical preloading was an order of magnitude smaller than the time constants
for inflow and outflow (p-values < 0.0001). There was no clear change in time
constant between inflow and outflow (interaction p < 0.0001), time constants for
outflow were reduced at low load levels (150N p = 0.03, 300N p = 0.001), but
remained similar to inflow values at higher load levels (600N p = 0.318, 850N
p = 0.064).
The shape of the curve was not affected by load level or direction of fluid flow
There was no effect of load level on coefficient beta of the KWW model (p=0.864).
However, beta for preloading (0.570 ± 0.086) was significantly lower than beta for
inflow and outflow (p < 0.0001, 1.46 ± 0.25 and 1.33 ± 0.20, respectively). There
was no difference in beta between inflow and outflow (p = 0.244), nor was there an
interaction effect between load and phase (p = 0.931).
For one disc of the 850N group, the test was repeated after 48 hours at a load level
of 150N. Disc behaviour was consistent with the other 150N tests, indicating that
no damage had occurred.
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Figure 6. Time constants for all phases and all loading conditions. Mean and SD values are given.
Mechanically induced fluid flow had much shorter time constants that osmotic in or outflow (p<0.0001).
Within phase 1, there was a decrease in time constant with increasing load (p < 0.013). Time constants
for 150N and 300N groups significantly decreased from phase 1 to phase 2, but there was no effect in
the 600N and 850N group.

Discussion
This study investigated the differences between fluid in- and outflow in an intact
intervertebral disc under different levels of mechanical load. As expected, initial
mechanical loading reduced disc height in a dose-dependent manner. The increase
of swelling pressure due to lowering of medium osmolality induced fluid flow
into the disc and partially restored disc height, with more disc height restored at
lower loading levels. Upon restoration of normo-osmotic medium, disc height was
restored to the disc height at loading equilibrium.
In this experiment, fluid volume for in- and outflow of fluid was not significantly
different. The variables Δd∞ and β, did not differ significantly, and tau only differed
for low load levels. This implies that: 1. a difference in flow direction can not
explain the large differences in time constants in an entire intervertebral disc;
and 2. the direction-dependent flow through the endplate12 has no significant
influence. However, a small effect of direction dependent tissue permeability can
not be disregarded, as time constants decreased with increasing load in inflow,
but this effect was inversed for low loads during outflow. This might indicate that
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annulus strain or endplate deformation has a direction-dependent effect on fluid
flow: it hampers inflow at low load levels, and enhances outflow at low load levels.
If diurnal fluid flow is not primarily balanced through direction-dependent tissue
permeability, a likely explanation may lie in the difference in character between
mechanically induced fluid outflow, and swelling pressure induced fluid inflow in
vivo. We found an order of magnitude difference between the time constant of the
preloading phase and both inflow and outflow phases (Figure 6). This is in line
with previous results as time constants were shown to be 2.5 – 27 times longer for
swelling pressure induced unloading creep than for mechanically induced loading
creep23,25. However, contrary to the hypothesis of Lai et al.26, current results also
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imply that osmotic loading is not wholly equivalent to mechanical loading: there
was a large difference in time constants between the preload and outflow phase,
and beta values for osmotic loading and unloading were significantly different from
the mechanical loading phase. Mechanical loading might stress the entire tissue
instantaneously whereas the stress from osmotic loading might be hampered by
the low permeability of the tissues. Additionally, we hypothesize that mechanical
loading can generate a larger pressure difference between the intradiscal pressure
and the swelling pressure (up to 6.0 MPa in this study), compared to the potential
of osmotic pressure (0.78 MPa in this study). This large pressure difference leads
to a more rapid fluid flow, hence a shorter time constant. This is reflected by
the results of the time constant for inflow, with increasing load levels (i.e. higher
swelling pressure) time constants are reduced (Figure 6).
Axial mechanical loading reduced d∞ in a dose-dependent manner. This is expected
to occur in a non-linear manner, as swelling pressure increases exponentially with
reduced hydration10,27,28. This was confirmed for both inflow and outflow (Figure 5).
Therefore, using the data from phases 1 and 2, we confirm that a specific external
load will have a specific d∞, and that the relationship between load and d∞ is nonlinear.
Based on the results of this study we provide the following hypothesis for the
balance of diurnal fluid flow: during normal ambulant behaviour, daytime loading,
and night time unloading both have a specific d∞. Because the time constant for
loading is shorter than for unloading, the loading d∞ is more closely approached
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than the night time unloading d∞ in the diurnal rhythm. This proximity to the
loading asymptote can be seen by the flattening of the loading curve in the
diurnal changes in posture1,2. That the unloading d∞ is hardly approached in the
diurnal rhythm can be observed upon prolonged unloading during bed-rest and
spaceflight: body height can increase up to 5cm27,33–36 or 300% of normal diurnal
disc height changes1,2,36,37. Because fluid flow is non-linear and time dependent,
the distance towards the asymptote at d∞ also determines the rate of fluid flow,
rather than the time constant alone; close to equilibrium fluid flow is slower than
far from equilibrium. This explains the paradox that although the time constant for
loading is faster and the total time for unloading is shorter, the diurnal fluid flow is
balanced for unloading and loading (Figure 7).
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Hypothesis:
Response of IVD to Diurnal Loading
Disc Height Changes (mm)

d∞ unloading

diurnal loading
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Figure 7. Hypothesis of the response of the IVD to diurnal loading (blue line), 6 days of night time
(8h) and daytime (16h) are shown. In a normal diurnal rhythm, loading time constants are shorter than
unloading time constants, and the d∞ of loading (dotted black line in the bottom) is approximated closer
than the d∞ of unloading (dotted black line on top). With an increase of the distance to the asymptote
d∞, the fluid flow is increased. Dashed grey lines indicate hypothetical disc height changes if the time of
loading or unloading would be extended.
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The use of goat intervertebral discs to model human intervertebral discs is adequate,
as stresses on the intervertebral discs of both humans and quadruped animals are
predominantly in the axial direction38,39. The KWW model fitted to the creep curves
quite well; however, simultaneous use of both the KWW model and a Double Voight
model (DV) has been proposed in the literature22. Therefore in “Supplement #2 to
Chapter IV” on page 103, we also fitted a DV model to the data, and found similar
trends, indicating our KWW results are valid.
There are some limitations to the current study. In hindsight, we should have
preloaded all discs, at low loads until equilibrium, prior to a mechanical loading
phase to investigate the change in d∞ with increased mechanical compression.
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Additionally, at the end of the experiment, we should have included a mechanical
unloading phase, towards the preload level, to evaluate differences between
mechanical and osmotic loading and unloading. The absence of additional
preloading would have affected the results of the current mechanical preloading
phase, but not of the inflow and outflow phases, which were performed from
equilibrium. The absence of mechanical unloading does not allow us to further
substantiate our hypothesis with data showing a faster recovery with higher loading
levels. However, including the proposed phases would probably not have affected
our hypothesis for diurnal fluid flow.
There are some implications when the determinants of diurnal fluid flow are
indeed adequately described by the current hypothesis. Firstly, diurnal fluid flow
in the intervertebral disc is dependent on swelling pressure of the disc (i.e. the
proteoglycan content of the nucleus and annulus), rather than endplate function.
Therefore, a reduction of proteoglycans with degeneration would shift both loading
and unloading d∞ downwards. Additionally, the bandwidth between loading and
unloading d∞ will decrease because of the non-linear dependency of swelling
pressure on proteoglycan content 10. These effects could be seen experimentally
as well as clinically as an overall reduction in disc height, and a reduction in
the amplitude of daily disc height changes. These swelling-pressure-dependent
outcome measures are probably more sensitive in biomechanically determining
disc degeneration than the often used axial compressive stiffness (“Supplement #1
to Chapter IV” on page 99).
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Conclusion
This study explored fluid flow into and from intact intervertebral disc under
different levels of mechanical load. Reduction of culture medium osmolality induced
an increase in disc height, and the subsequent restoration induced a decrease in
disc height. Creep varied with the mechanical load applied. No direction-dependent
resistance to fluid flow was observed. In addition, time constants for mechanical
preloading were much shorter than for osmotic loading, suggesting that outflow
is faster than inflow. However, a time constant does not describe the actual rate
of fluid flow: close to equilibrium fluid flow is slower than far from equilibrium.
As time constants for mechanical loading are shorter and daytime loading twice
as long, the system is closer to the loading equilibrium than to the unloading
equilibrium. Therefore, paradoxically, fluid inflow is faster during the night than
fluid outflow during the day.
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Introduction
Additional to the main questions proposed in the paper, we were interested in
whether axial compressive stiffness was more affected by compressive load or by
fluid content of the disc, as compressive stiffness is often used as a biomechanical
parameter in ex vivo degeneration and regeneration studies1,2.

Methods
Axial compressive stiffness was measured at the beginning and the end of each test
stage, by performing a ramp load at a constant rate of 30 N/s for 5 seconds. For the
determination of stiffness, sampling rate of load and displacement was increased
to 20Hz. The stiffness was calculated from the slope of the load-deformation curve.
Statistical analysis
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Huynh-Feldt repeated measures analyses of variance was performed on the
compressive stiffness to test the effect of load phase (within factor, 3 levels,
mechanical preload, inflow and outflow) and time (within factor, 2 levels, stiffness
at the start and the end of the test phase), and to test the effect of loading level
on intervertebral disc stiffness (between factor). Repeated contrasts were used to
determine differences between phases.

Results
Mean and SD for all discs are presented in Figure 1. The compressive stiffness
significantly increased with increasing load level (Figure 4, p<0.0001), and
stiffness increased from phase 0 to phase 1 (p<0.0001). Furthermore, there was
a statistically significant, but clinically irrelevant increase in stiffness of 1% for all
groups from phase 1 to phase 2 (p<0.031).

Discussion
These results show a marked increase in stiffness in all groups from the beginning
of the preload phase to the end of the preload phase. After preloading is complete,
stiffness remains more or less stable, and is predominantly determined by axial
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Figure 1. Mean and standard deviation of axial compressive stiffness for the start and end of all phases.

load rather than water content of the intervertebral disc. This implicates that
axial compressive stiffness is a poor measure in determining intervertebral disc
degeneration, because degeneration is characterized by a loss of proteoglycans and
subsequent hydration. Results from the main experiment indicate that disc height
changes and creep behaviour are probably better determinants for intervertebral
disc proteoglycan content.
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Introduction
The fluid flow that is induced by the difference between swelling pressure
and intradiscal pressure (i.e. disc height creep) can be investigated in in vitro
experiments1; however, there are some important considerations for the validity of
these measurements: the duration of the measurement2; the disc equilibrium prior
to the experiment3; loading level is important as disc height and intradiscal pressure
depend on loading history of the disc4,5; hydraulic permeability could be affected
by the strain in the annulus6 or bulge of the annulus fibrosus7. Finally, separation
of visco-elasticity (tissue deformation) and poro-elasticity (fluid flow) should be
considered8. Therefore, experiments should be conducted after sufficient preload,
under different levels of loading, and for sufficient amounts of time, preferably
separating visco-elastic and poro-elastic deformation. Furthermore, for modelling
intervertebral disc creep, the literature proposes simultaneous use of the KohlrauschWilliams-Watts function and Kelvin Double Voight model2. This is because when
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measurement times are relatively short, the KWW and DV model respectively overand underestimate time constants and displacement at equilibrium2. We describe
here the results of both models for the experiment described in “The poro-elastic
behaviour of the intervertebral disc: a new perspective on diurnal fluid flow”.

Materials and methods
We fitted both models to the data of all phases of the main experiment.
The KWW stretched exponential is of the form:

𝑥 𝑡 = 𝑑∞ + 𝑑0 − 𝑑∞

𝑒

− 𝑡/𝜏 𝛽

Where t is the elapsed time, τ the time constant, β the stretch parameter, d0 the
disc height at t = 0 and d∞ the disc height at equilibrium (the asymptote when t
is infinite). The fitted curves were optimised for the least summed square of the
difference between the fitted curve and the measured data, and R-squared was
used to describe the quality of the fit. The changes in d∞ between phases are
expressed as Δd∞.
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A Double-Voight (DV) model represents the mechanical behaviour of two damper/
spring models connected in series, and is of the form:

𝑥 𝑡 =𝐿

1
1 − 𝑒−
𝑆1

𝑡/𝜏1

+

1
1 − 𝑒−
𝑆2

𝑡/𝜏2

+

1
𝑆𝐸

The four model parameters are: in which, L/S1 is the deformation of the fast Voight
model at infinity, τ1 is the time constant of the fast Voight model, L/S2 is the
deformation of the slow Voight model at infinity and τ2 is the time constant of
the slow Voight model. Since creep is defined as deformation under a constant
load, the parameters are calculated from the time point when the applied load is
constant (i.e. 150N, 300N, 600N, 850N). Thus, the factor L/SE, which describes the
deformation during the ramp towards constant load, was not used.
When comparing both models, the τ value of the KWW model should be compared
to the sum of τ1 and τ2 of the DV model, and the d∞ value of the KWW models
should be comparable to the sum of the L/S1 and L/S2 of the DV model. We used
a linear regression analysis on data from all phases and load levels to evaluate
agreement between both models.

Results
Both models generally fitted well to the data (R2 values >0.95). In four discs,
however, the KWW model fitted less well and these were subjected to additional
visual inspection. Generally, only the fit for one single phase was not good;
therefore, data of that phase was then excluded for: one disc of the 150N group
during phase 1, one disc for the 600N group for phase 1; and one disc of the 850N
group during phase 2. A second disc in phase 2 of the 850N group did fit well upon
visual inspection, but due to some noise in the displacement signal had a lower R2
(0.76) therefore this disc was not excluded. For the DV model all discs in all phases
were included.
Mean and standard deviation of all parameters of both models are given in Table 1.
Although absolute values differed between the KWW and DV model (Figure 1), both
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Figure 1. Comparisson of results of the KWW and DV model. Althought absolute numbers differ
somewhat, the overall trend for both time constants and equilibrium in displacement for is similar in
both models.

the time constants as well as the displacement at equilibrium showed the same
trends, and showed good correlations between both models (R2 = 0.8902 and
0.9895, respectively). Additionally, the Δd∞ values for in and outflow were highly
correlated between both models (R2 = 0.9880 and 0.9957, respectively, Figure 2).

Figure 2. Δd∞ values for both the KWW and DV models.
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Phase

0
1
2

0
1
2

0
1
2

0
1
2

Load

150

300

600

850

5
4
5

4
5
5

5
5
5

4
5
5

N

0.73 ±
5.17 ±
8.35 ±

0.89 ±
8.32 ±
7.66 ±

1.14 ±
9.62 ±
6.33 ±

0.94 ±
10.75 ±
7.35 ±

τ

0.10
2.26
2.77

0.12
1.91
2.57

0.37
1.94
1.38

0.59
2.78
1.87

-2.15 ±
-2.13 ±
-2.18 ±

-1.71 ±
-1.65 ±
-1.71 ±

-1.02 ±
-0.85 ±
-1.01 ±

-0.67 ±
-0.44 ±
-0.63 ±

KWW Model
d∞

0.57
0.55
0.57

0.46
0.46
0.46

0.38
0.37
0.38

0.32
0.34
0.32

0.58 ±
1.45 ±
1.31 ±

0.60 ±
1.38 ±
1.33 ±

0.59 ±
1.45 ±
1.35 ±

0.42 ±
1.54 ±
1.35 ±

β

0.08
0.44
0.28

0.08
0.28
0.19

0.05
0.11
0.08

0.22
0.16
0.26

5
5
5

5
5
5

5
5
5

5
5
5

N
0.53
1.50
0.92
0.55
1.28
0.45
0.37
1.40
0.91
0.13
0.77
1.24

0.79 ±
3.14 ±
1.46 ±
0.61 ±
2.06 ±
1.39 ±
0.45 ±
1.34 ±
1.40 ±

τ1
0.54 ±
2.46 ±
2.10 ±
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-0.32 ±
-0.41 ±
-0.38 ±

-0.21 ±
-0.25 ±
-0.17 ±

-0.15 ±
-0.36 ±
-0.26 ±

-0.07 ±
-0.34 ±
-0.03 ±

L/S1

0.11
0.13
0.03

0.08
0.03
0.10

0.12
0.16
0.03

0.18
0.28
0.32

τ2

1.78 ±
3.52 ±
8.30 ±

2.38 ±
6.22 ±
6.56 ±

2.45 ±
6.96 ±
4.77 ±

2.40 ±
7.78 ±
5.76 ±

DV model

0.32
2.78
4.56

1.18
1.59
3.91

0.78
2.41
1.39

1.26
2.87
2.48

-1.06 ±
-0.95 ±
-1.03 ±

-0.77 ±
-0.67 ±
-0.82 ±

-0.54 ±
-0.16 ±
-0.41 ±

-0.29 ±
0.21 ±
-0.29 ±

L/S2

0.31
0.15
0.02

0.44
0.03
0.09

0.25
0.17
0.03

0.17
0.30
0.29

Phases 1 and 2 were characterized by a relatively slow displacement in the beginning
of the phase. In some of the discs, this was reflected in the DV model by a negative
value for the fast L/S1 where the L/S2 was positive and vice versa. Due to the same
phenomenon, the ratio between the displacement in L/S1 and L/S2 was variable. In
the KWW model, this was also present as a beta >1.

Discussion
In concurrence with the literature, both models fitted well to the data2. There was
an absolute difference between the values from both models especially in d∞ values
indicating that measurement time was somewhat short. True values are expected
to lie between the values from both models.
The slow start of disc height changes or fluid flow in phases 2 and 3 is different
from the regular instantaneous changes in disc height due to mechanical loading
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or unloading, which characteristically have a beta <12,9. This is probably due to a
difference between mechanical and osmotic loading. Mechanical loading reflects
the start of a marathon where all runners or water molecules instantaneously start
to move in a given direction. In contrast, osmotic loading reflects a marathon
in which the running direction is suddenly reversed: fluid flow slowly halts and
then reverses. When the direction of the flow is reversed it then follows a similar
acceleration to the mechanical loading. Because this is easier to interpret from
the beta of the KWW model than from the ratio of variables in the DV model, and
because the KWW model has less variables overall, we chose to show the results of
the KWW model in the main paper.
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Abstract
Background Context
Creep behaviour of the intervertebral disc is based on the pre-eminent property
of proteoglycans to attract and bind water (i.e. swelling pressure). Degeneration
changes disc mechanics, but it is unclear whether this is due to a loss of swelling
pressure, or to the damaged matrix of the annulus fibrosus or endplates.
Purpose
We aimed to quantify the isolated effect of reduced swelling pressure on the creep
behaviour of the intact intervertebral disc.
Study design
A long-term ex vivo study using goat intervertebral discs in a loaded disc culture
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system under a simulated physiological loading regime.
Outcome measures
We evaluated axial creep behaviour of the intervertebral disc: time-dependent
overall disc height loss, daily creep, rate of recovery, time-constants and axial
compressive stiffness. Additionally, we investigated water content and biochemical
composition of the intervertebral disc.
Methods
We counterbalanced proteoglycan swelling pressure by increasing the culture
medium osmolality with polyethylene-glycol (PEG), in concentrations of 13.3% w/v
and 26.6% w/v. This allowed us to study the effects of reduced water content on
axial creep without damaging the surrounding tissues. Continuous diurnal loading
was applied for a total of 6 days.
Results
There was a strong dose-dependent effect of PEG concentration on axial creep
behaviour: disc height, daily creep and the recovery rate upon unloading were
all significantly reduced, and correlated well with reduced water content of the
nucleus pulposus. Axial compressive stiffness of the disc was not affected. No
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changes in biochemical content were observed. A control experiment showed that
creep behaviour was restored upon culturing in iso-osmotic medium, all indicating
that no tissue damage occurred to the disc during dehydration.
Conclusions
Swelling pressure of the proteoglycans determines creep behaviour of the
intervertebral disc. Our results show that if we want to restore disc height and axial
creep behaviour of the intervertebral disc, therapies should be aimed at restoring
water-binding capacity of the intervertebral disc.

Introduction
Low back pain is a major health problem in that it affects many people and has
a major socio-economic impact. Up to 40% of adult persons in the United States
report experiencing low back pain in the past three months, and 20-33% of low
back pain patients is unable to work1–3. Recent policy changes in the management
of low back pain have decreased expenditure in the Netherlands, but the total costs
of low back pain in 2007 were still 3,534 million euro’s; roughly 216 euro’s per
capita annually2. Prevention and therapeutic intervention is hampered because the
veritable cause of low back pain remains unclear; however, a relationship is present
with intervertebral disc degeneration1,4,5. The mechanisms of intervertebral disc
degeneration are not unequivocally understood, but it is becoming increasingly
clear that the cells in the intervertebral disc respond to mechanical loading6,7.
Therefore, mechanical loading may be related to the initiation of degeneration and
subsequent low back pain5–8.
The response of the intervertebral disc to axial loading (e.g. creep, compressive
stiffness) is determined by the intradiscal hydrostatic pressure9,10. Intradiscal
pressure is generated by compression of the water volume in the intervertebral disc
by the confines of the annulus fibrosus and the cartilaginous endplates. Although
the annulus and endplates confine, both have a certain hydraulic permeability so
that water can flow into, or out of, the disc11,12. When the intervertebral disc is
loaded for prolonged periods of time, fluid is expelled out of the intervertebral disc
and intradiscal pressure declines10,13, which is highly correlated to a progressive
loss in disc height (creep)10. Inversely, upon extended unloading, fluid is imbibed,
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and intradiscal pressure increases, increasing disc height10. This is most clearly
seen in diurnal variations in posture: discs are higher14,15, more hydrated16, and
have a higher intradiscal pressure17 after unloading during the night than after
a day of work. Thus, fluid flow determines intradiscal pressure and disc height
during creep loading.
Fluid flow out of the disc is induced by loading, which is predominantly axial in the
spine18. Fluid flow into the intervertebral disc is governed by the pre-eminent ability
of the proteoglycans to attract and bind water, which is due to their high fixed
charge density19–21. The potential attraction of water by proteoglycans is expressed
as swelling pressure19–21, which is defined as being equal to the compressive pressure
that needs to be applied for the tissue to maintain its current state of hydration
without net fluid loss or gain21,22. Swelling pressure (or potential) depends on tissue
hydration, and the difference in osmotic charge between the intervertebral disc
and the surrounding tissues19–21. If charges remain constant, an increase in tissue
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hydration will decrease swelling pressure, and vice versa19–21. Upon unloading,
compressive pressure is smaller than swelling pressure: the tissue imbibes fluid.
Consecutively, the slow increase in tissue hydration will slowly reduce swelling
pressure. Inversely, upon loading, fluid is lost, and swelling pressure increases.
Thus, swelling pressure and intradiscal pressure are thus inversely related. Finally,
as the swelling pressure also depends on the osmotic gradient, a decrease of
proteoglycans, or an increase in surrounding tissue osmolality will reduce the
effective swelling pressure.
With degeneration of the intervertebral disc, proteoglycans are lost, and both
intradiscal and swelling pressures are dwindling21,23. The consecutive loss of
intradiscal water presumably changes the response of the intervertebral disc to axial
loading, both in terms of disc height and long-term creep behaviour19. However,
because the annulus and endplates are also damaged during degeneration —and
thus may be less confining and have higher permeability—, it is hard to discriminate
the effects of proteoglycan loss from the effects of damage to the annulus and
endplates. Separating these effects will allow further understanding of the role of
proteoglycans in the normal and degenerative creep behaviour, which is essential
if we want to restore the function of the intervertebral disc.
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In this study we aim to quantify the isolated effect of reduced swelling pressure on
the creep behaviour of the intact intervertebral disc, during long-term physiological
loading in a loaded disc culture system. We do this by increasing the osmolality of
the surrounding culture medium, which counterbalances the swelling pressure of
the proteoglycans and generates fluid-flow from the nucleus to the culture medium.
Our hypothesis is that due to this reduction in swelling pressure, discs will show
dose-dependent degenerative biomechanical creep behaviour in equilibrium i.e.:
an overall loss of disc height; impaired recovery of disc height upon unloading24;
subsequent decrease of daily poro-elastic creep; and an increase in compressive
stiffness.

Materials and methods

V

Specimens and specimen preparation
Twelve intervertebral discs of skeletally mature 3-to-5-year-old Dutch milk goats
(2 spines, Th13-L1 to L5-L6) were obtained from a local abattoir. Within 12 hours,
spines were rinsed with iodine solution, and soft tissue and posterior elements
were removed under aseptic conditions. The discs were isolated by cranial and
caudal parallel cuts, approximately 3.5mm from the intervertebral disc, to include
the endplates and a minimal amount of vertebral bone.
We placed the intervertebral discs in our custom build loaded disc culture system
(LDCS) at 37° and 5% CO26,7. Discs were submerged in phosphate buffered saline
(PBS, Gibco) supplemented with 10,000 u/ml penicillin, 250 mg/L streptomycin,
and 1.5 mgr/mL amphoterizin B (PSF 1%, Sigma Aldrich, St. Louis, MO) to prevent
infection. For certain groups, the osmotic value of PBS was increased using polyethylene-glycol with a molecular weight of 8,000 (PEG)25. Discs were divided into
three experimental groups (N = 4 per group): culture on regular PBS (control, ~285
mOsm); culture on PBS supplemented with 13.3% w/v PEG (PEG 13.3, ~790 mOsm);
or culture on PBS supplemented with 26.6% w/v PEG (PEG 26.6, ~1300 mOsm).
Osmolality of the medium was checked for all three conditions prior to testing
(Osmomat 30, Gonotec, Berlin, Germany).
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Biomechanical loading
Continuous dynamic loading (1Hz sinusoidal) was applied as simulated physiological
load (SPL, Figure 1) 6. For 8h per day, low dynamic load (LDL, 40-60N) was applied
reflecting night-time, followed by 16h load alternating in magnitude every 30
minutes (40-60N and 80-180N), reflecting daytime activity. These loads typically
result in intradiscal pressures of 0.38-0.51 MPa and 0.65-1.3 MPa, respectively10.
For the evaluation of compressive stiffness, the final half hour of day time loading
consisted of 0.25Hz triangles at 80-180N. The first 24h was considered a preload
and the following 5 days as the actual test.

V

Figure 1. The simulated physiological loading regime, previously described by Paul et al. [7]. For eight
hours, low dynamic loading (40-60N) is applied as night time unloading, and during 16 hours, alternating
blocks of 30 minutes of 40-60N and 80-180N are applied. All loading is applied as a sinusoidal wave
with a frequency of 1Hz.

Osmotic loading is equivalent to mechanical loading in cartilaginous tissues22.
Therefore, the results of this study can also be interpreted as the response of the
intervertebral disc to overloading. The magnitude of the osmotic loading applied
in this experiment can be calculated using the Van‘t Hoff equation26, derived by
Morse as:
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with I as the dimensionless dissociation constant of the solute, C is the molarity of
the solution, R is the gas constant, and T is the absolute temperature at testing.
For this experiment, I = 15.1 pKa for ethylene glycol27; C = 16.625x10-3 osmol and
33.25x10-3 for PEG 13.3 and PEG 26.6 groups, respectively; R = 8.21x10-2 L atm
K-1 mol-1; and T = 310˚K. This results in osmotic loading of 0.65 MPa and 1.3 MPa,
for PEG 13.3 and PEG 26.6 groups, respectively. However, it is hard to determine
exactly what mechanical load would reflect this osmotic loading as this is never
applied uniformly on all external surfaces (i.e. endplates and annulus)22; however,
when we assume a balance between intradiscal pressure and external pressure
we can get a viable estimate. In goat intervertebral discs, intradiscal pressures of
approximately 0.65MPa and 1.3MPa are generated with axial mechanical loads of
80N or 180N10. Thus, the 0.65 MPa and 1.3 MPa osmotic loading are approximately
equivalent to continuous additions of 80N and 180N to the SPL regime.
Biomechanical evaluation
All force and displacement data were recorded at 100Hz, and loaded into Matlab
(version 2013a for Linux). After re-sampling to 20Hz, data was used to calculate
characterising biomechanical parameters (Figure 2): 1. the overall disc height
loss (mm) relative to the start of the experiment; 2. the poro-elastic creep during
loading and 3. unloading (mm) of the disc (note that the elastic response in the
first minute is not included because this is not fluid-flow dependent13,24,28); 4. the
rate of recovery during the first half hour (start); 5. second half hour (middle) and
6. the last half hour of the unloading in the ‘night’ (end, all mm/h); 7. compressive
stiffness during the end of the unloading and 8. loading phase (N/mm). Additionally,
the sum of the absolute values of loading and unloading creep (24h creep) was
calculated as a measure for the total daily fluid-flow. Finally, time constants using
a double Voight model29 were fitted on the displacement curves for the unloading
(night time) phases for each day.
Water content and quantitative biochemistry
After six days, directly following the experiments, tissue was processed for water
content and quantitative biochemistry. Care was taken to prevent water uptake
during processing, by using a specially designed double bladed hand saw. The
intervertebral disc was divided into nucleus pulposus (NP), and outer annulus
fibrosus (AF). Wet weight was measured, tissue was freeze dried (Speedvac,

Creep is Diminished with Reduced Swelling Pressure

117

V

Displacement (mm)

6

7

2
3

5
4
8
24h preload

Unloading
0

Loading
8

1
24

Time (h)

V

Figure 2. Shows where biomechanical parameters were calculated: 1 max disc height loss; 2 poroelastic creep during the unloading phase; 3 poro-elastic creep during the loading phase (N.B. the initial
elastic displacement is not included for 2 and 3 because it is not proteoglycan dependent); 4 (red line)
rate of recovery during the first half hour; 5 (red line) rate of recovery during the second half hour; 6 (red
line) rate of recovery during last half hour of recovery; 7 (black double arrow) stiffness at the end of the
recovery phase; 8 (black double arrow) stiffness at the end of the subsidence phase (N.B. the stiffness
for 7 and 8 is not calculated from this graph, but from the load-displacement curves).

Thermofisher, Waltham, MA, USA), and dry weight was measured. Wet and dry
weights (WW and DW) were used to determine water content using the formula:
(WW - DW) / WW. Dry weight samples (1 mg/sample) were digested in a papaindigestion buffer as pre-processing for DMMB assay for glycosaminoglycan content
in duplo (Biocolor Ltd., Carrickfergus, UK), and DMBA assay for hydroxyproline
content in triplo, as previously described6,30.
Statistical Analysis
To analyse the effects of experimental group and day, SPSS (IBM Software, Armonk
NY, USA, version 20 for windows) was used to perform Huynh–Feldt’s repeated
measures ANOVA, with experimental group as between subjects factor, and with
day (five levels, or six levels for loading creep) as within-subject factors. Posthoc Tukey HSD tests were used to test the differences between the experimental
groups.
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For biochemistry a repeated measures ANOVA was used with experimental group
as between subjects factor, and with disc tissue (2 levels) as within-subject factor.
Histological scores were analysed with a one-way ANOVA with experimental group
as factor. Additionally, linear regression analysis was used to investigate if water
content at the end of the experiment, the most direct measure of effective swelling
pressure in this experiment, correlated with biomechanical outcome parameters at
day 5 of the experiment.

Results
Water content and quantitative biochemistry
Swelling pressure was reduced with increasing PEG, as after six days, PEG groups
had a reduced water content in the nucleus compared to control specimen
(Figure 3A, group effect, p < 0.0001), in a dose-dependent manner (post-hoc
p-values < 0.017). Water content was lower in the annulus than in the nucleus (tissue
effect p < 0.0001), with relatively larger decreases in the annulus with increasing
PEG concentration (tissue*group-interaction: p = 0.028). Glycosaminoglycan and
hydoxyproline content were not affected by culturing on PEG medium (Figure 3B-C,
group effects p = 0.785, and p = 0.767, respectively).

Figure 3. (A) Water content for individual parts of the intervertebral disc for all groups;
(B) Glycosaminoglycan content for individual parts of the intervertebral disc for all groups;
(C) Hydroxyproline content for individual parts of the intervertebral disc for all groups. Full lines
indicate main effects, dashed lines indicate post-hoc differences between groups, dotted lines indicate
interactions. * p < 0.05, # p < 0.0001.

Biomechanical evaluation
The control discs showed a drop in disc height during preload, indicating that
unloading prior to the experiment had super-hydrated the specimen (Figure 4).
After preload, a dynamic equilibrium of non-linear disc height recovery during the
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unloading phase, and a disc height subsidence during the loading phase of equal
magnitude, was observed in a 24h diurnal rhythm (Figure 5).

V

Figure 4. Typical examples of the displacement data over the 6 days of experiment 1. PEG groups
show an increased loss of disc height over the experiment with increasing osmotic value of the culture
medium.

Figure 5. Daily displacement, divided into: (A) unloading creep; (B) loading creep; (C) total daily creep.
Full lines indicate main effects, dashed lines indicate post-hoc differences between groups, dotted lines
indicate interactions between groups and days. * p < 0.05, ** p < 0.01, *** p < 0.001, # p < 0.0001.
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With the addition of the PEG, we observed a dose-dependent drop in overall
disc height compared to control specimen during the preload phase (Figure
4 and 5B (preload), group effect, p < 0.0001), as fluid was withdrawn from the
intervertebral discs. After the preload phase, there was a slow progression towards
dynamic equilibrium in both PEG groups. This progression towards equilibrium
was characterized by a dose-dependent reduced unloading creep (recovery) for
higher PEG values (Figure 5A, group effect, p < 0.0001). Loading creep diminished
over time (subsidence, Figure 5B, effect of day (6 levels), p < 0.0001), and this
reduction was stronger for higher PEG values (day*group interaction, p < 0.0001).
At day 5, loading and unloading creep were in equilibrium, and overall disc height
loss remained similar between days 4 and 5 (p = 0.464);
In dynamic equilibrium at day 5, overall disc height loss was larger for higher
PEG values (Figure 4, p < 0.0001). Additionally, there was a dose-dependent loss
in dynamic behaviour of the intervertebral disc in both PEG groups: loading,
unloading and thus 24h creep were all reduced with increasing medium osmolality
(Fig 5A-C, group effect, p < 0.0001). Compressive stiffness was not affected by the
experimental group, neither for the loading nor for the unloading phase (Figure 6,
group effects: p = 0.575 and p =0.433, respectively).

Figure 6. (A) The rate of recovery during the first half hour of night time over the days for all groups;
(B) The rate of recovery during the second half hour of night time over the days for all groups (Middle);
(C) The rate of recovery during the last half hour of night time over the days for all groups; (D) Time
constants for recovery over the days for all groups. Full lines indicate main effects, dashed lines indicate
post-hoc differences between groups, dotted lines indicate interactions between groups and days.
* p < 0.05, ** p < 0.01, # p < 0.0001.
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Biomechanical evaluation – recovery phase
A more detailed analysis of the recovery patterns revealed that the rate of recovery
of disc height during the first hour of the unloading phase was reduced for both
PEG groups (Figure 7A, B, group effects p < 0.0001). Additionally, there was a trend
towards a larger drop in rate of recovery from the first to the second half hour
with increasing PEG content (start-middle*group interaction p = 0.093). Conversely,
during the last half hour of the unloading phase, the PEG 13.3 group had the highest
rate of recovery (Figure 7C, group effect p < 0.033), indicating recovery was not
yet complete in this group. The time constant of the recovery phase increased over
the 5 days of the experiment (Figure 7D, within-subject effect of day, p < 0.003).
This effect is probably due the progressive overall loss of disc height in the PEG
groups, because an incomplete subsidence leads to a quicker recovery. This notion
is supported by the trend towards an interaction between groups (day*group
interaction, p = 0.08). At day 5, there was a dose-dependent increase in timeconstants with increasing PEG concentration (group effect, p = 0.048).

V

Figure 7. (A) stiffness values at the end of unloading; (B) stiffness values at the end of loading. Full line
indicates main effect * p < 0.05.Biomechanical evaluation – correlations with water content

Water Content - Correlations
Final water content of the nucleus correlated well with the biomechanical properties
of the discs at day 5 (Figure 8) for: total disc height loss (p < 0.0001, R2 = 0.897),
24h creep (p < 0.0001, R2 = 0.8331), time constants (p = 0.0053, R2 = 0.5575), but
not for compressive stiffness (end of subsidence: p = 0.2164, R2 = 0.1483; end
of recovery p = 0.61, R2 = 0.0263). The recovery rate in the first hour correlated
better with final water content than the recovery in last part of the recovery phase
(start: p = 0.001, R2 = 0.686; middle p = 0.001, R2 = 0.678), compared with the end
(p = 0.419, R2 = 0.066).
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Figure 8. Correlations between biomechanical properties and water content of the nucleus at day 5: (A)
total disc height loss; (B) total creep; (C) time constant; (D) stiffness at the end of the loading phase.
R2 and p-values of regression analysis are shown, along with the equation of the regression. Dotted lines
indicate 95% confidence interval.

Discussion
This study investigated the effect of reducing swelling pressure, by changing
medium osmolality, on the long-term creep behaviour of the intervertebral disc.
We found a strong dose-dependent effect of the osmolality of the culture medium,
resulting in more overall disc height loss, slower recovery, and less daily creep. These
changes correlated well with water content of the nucleus after the experiment. By
contrast, compressive stiffness of the intervertebral disc was not affected by fluid
withdrawal through high medium osmolality. Although water content was affected,
biochemical composition was not altered by culture on high osmotic medium.
Reduced overall disc height and reduced water content are both main determinants
in classifying intervertebral disc degeneration, and concerning these two parameters
our results are in agreement with the literature4,5,19,32. Previously, few studies have
described the relationship between creep behaviour and degeneration24,33,34,29, and
most studies have the major limitation that they only study creep in the short-term
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, or when discs are not in equilibrium24. However, all studies have shown

29,33,34

that degeneration induces a reduction in creep or poro-elastic behaviour in axial
compression, which is in accordance with current results; therefore, our results can
be interpreted as simulating long-term degenerative creep behaviour.
Our hypothesis was confirmed: reducing swelling pressure withdraws water from the
intervertebral disc and induces disc height loss, reduces recovery rate, and thereby
also reduces poro-elastic creep in equilibrium. These results substantiate previous
evidence on the relation between water content or intradiscal pressure and disc
height and poro-elastic creep9,10. In contrast, compressive stiffness was not clearly
affected by increasing medium osmolality, indicating that compressive stiffness
is determined by more variables than water content or intradiscal pressure alone.
Because compressive stiffness is also related to disc height10, additional modifiers
to be considered are: tension in annulus fibres, the angle the annulus fibres make
with the endplate, or the increase in annular bulge9. Overall, disc height, poro-
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elastic creep and recovery rate should be considered more sensitive measures than
compressive stiffness in determining a healthy biomechanical response to loading.
Biochemical analysis did not indicate changes to the intervertebral disc after culture
on PEG medium. To further evaluate if intervertebral disc tissue was damaged,
we performed a supplementary control experiment, in which we restored medium
osmolality to iso-osmotic values (see “Supplement to Chapter V” on page 131). This
experiment showed restoration of water content, and no biochemical, macroscopic
or histological differences between groups. Furthermore, upon re-culturing on isoosmotic medium there was an apparent restoration of biomechanical behaviour.
Unfortunately, the technical limitation of medium change did not allow us to
substantiate this restoration statistically. However, the restoration of disc height,
even during daytime loading phases, is reported because it is noteworthy: it strongly
suggests that the water binding potential of the nucleus is not damaged during
several days of culture on high osmotic medium, but only temporarily impaired.
Although we cannot fully exclude minor tissue damage, the biomechanical
results presented in this study are, most likely, solely due to the reduction of
swelling pressure rather than damage of the surrounding tissues (i.e. increases in
permeability or reduction in confinement).
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To match the effect size of PEG addition to the medium to relative amounts
of proteoglycan loss, we rely on previous work by Urban et al. using human
intervertebral discs21. They provide the following equation:

𝐹𝑖𝑥𝑒𝑑 𝐶ℎ𝑎𝑟𝑔𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦

𝑀𝑡 𝑃 − 𝑓 ∙ 𝑐
𝑚𝑒𝑞
�𝑔𝐻 𝑂 =
2
𝑋 𝑃

in which Mt(P) is the water content at applied stress P, f is the intra-fibrillar water
per dry weight collagen, c is the g collagen/g dry weight, and X(P) is the fixed
charge/available fluid at P. The applied stress at the end of the experiment is
approximately 0.45MPa (this study); Mt(P) is 0.68, 0.65 and 0.6 for Control,
PEG 13.3 and PEG 26.6, respectively (Figure 3); f = 1.3319; c = 0.035 for all samples
(Figure 3); and X(P) is ~0.4919,21. The equation yields: fixed charge densities of 1.29,
1.23, and 1.13 (meq/gH2O) for control, PEG 13.3 and PEG 26.6, respectively. These
values are in the normal range of human intervertebral discs21, and thus imply a
loss of 5% and 13% fixed charge density (i.e. proteoglycan content) for PEG 13.3
and PEG 26.6, respectively. This corresponds to mild and moderate intervertebral
disc degeneration31.
Although current experimental conditions seem an adequate representation of mild
and moderate intervertebral disc degeneration, translation to the human situation
should be made with some caution as we applied a formula for human tissue to
goat tissue. However, the only term that changed in the equation relative to the
experimental groups was the water content of the nucleus which was derived from
the current study; therefore, alterations of the other terms would have yielded
the same relative reductions in proteoglycan content. Furthermore, although
the goat is a quadruped animal, loads on the goat intervertebral disc are also
predominantly in the axial direction18, indicating the current set-up was adequate
for the study of intervertebral disc creep. The use of high osmotic medium does
not reflect physiological conditions, but the use of PEG medium has recently been
introduced as a method of reducing the swelling pressure of nucleus explants in
vitro25. Possibly, leaching and binding of PEG within the intervertebral disc could
have affected the axial biomechanics; however, if PEG would leach into the nucleus,
disc height should be slowly restored due to increased swelling pressure of the
disc. Therefore, the progressive reduction of disc height upon culturing in PEG
medium in the experiments indicates no effects of PEG leaching or binding. In
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this study we did not analyse the biological effects of culturing on high osmotic
medium; however, it would be interesting to assess the gene expression profiles
after culture on high osmotic medium in a further experiment.
Results of this long-term study shed a light on both normal and degenerative creep
of the intervertebral disc. Upon loading or unloading, the slow decrease or increase
in tissue hydration leads to the discs’ characteristic creep behaviour13, this is
because a gradual decrease of fluid due to loading increases swelling pressure until
it matches the compressive pressure and fluid flow halts, and vice versa19. This
behaviour is non-linear because fluid flow is not instantaneous due to the relatively
low porosity of the nucleus, annulus and endplates11. Since the maximum swelling
pressure is reduced with decreased proteoglycan content during degeneration21,31,
the amplitude of this dynamic creep behaviour diminishes, as seen in the PEG
groups. With degeneration, the increased permeability of the nucleus32, the
observed change in anisotropic permeability of the annulus33,34, and increased
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porosity of the endplates35 will therefore not affect the amplitude of the dynamic
creep behaviour, but it will most likely reduce the time towards equilibrium.
Current results can also be used to interpret the effects of overloading on the creep
behaviour of the intervertebral disc. The biomechanical effects of a continuous
80N or 161% of the 130N average (PEG 13.3) increase or 180N (240%, PEG 26.6)
increase in mechanical loading are substantial. It is likely that an increase in
mechanical loading will have similar effects on water content, which provides a hint
at the mechanobiological cues that change matrix synthesis during overloading7: a
reduction in hydration may shift stress on cells from hydrostatic pressure to shear
pressure 36, which could explain the shift from proteoglycan and collagen II to
collagen type I gene expression profiles of overloaded discs7. However, since we
did not investigate gene expression in this experiment, further experimentation is
needed to verify this hypothesis. Additionally, it is important to note that overloading
markedly changes intervertebral disc biomechanics, especially when considering
there is also ~230% increase in loading from upright standing to standing in
flexion17,23. Therefore, the results of this study provide some insight into the effects
of overloading (e.g. manual labour, lifting37) on intervertebral disc creep behaviour
and health. Finally, they provide a clue as to what propagates intervertebral disc
degeneration: a reduction in proteoglycans inevitably leads to a further reduction
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in water content, which increasingly shifts stresses from hydrostatic to shear. A
possible reversal of this process could be accomplished by reduced loading hours,
or increased unloading time to allow more fluid imbibition in the intervertebral
disc. However, both these hypotheses need further experimentation to verify.

Conclusion
The swelling pressure of the nucleus pulposus determines axial creep behaviour
in the intervertebral disc. With a higher swelling pressure: water content is higher,
disc height and daily creep are larger, and recovery after loading is faster, in
other words, intervertebral disc behaviour is more dynamic. By contrast, axial
compressive stiffness is not influenced nearly as much by water content, which
may be due to orientation and tension of the annulus fibrosus fibres. Therefore,
the former are probably better measures to evaluate intervertebral disc function.
Furthermore, these results imply that the water binding capacity of the nucleus could
be instrumental in restoring normal biomechanical behaviour of the intervertebral
disc.
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Purpose
To test our assumption that the function of the proteoglycans was only temporarily
impaired and no tissue damage occurred, we performed this supplementary
experiment in which we restored medium osmolality, both before and after the
time point of 5 days culture on the highest concentration of osmotic medium.
We investigated whether water content was restored, whether biochemical
composition was altered, whether there were histological alterations, and whether
disc biomechanics were restored.

Materials and Methods
Again discs were tested in the LDCS, this time on full culture medium (~397 mOsm),
to facilitate cell viability1,2. To create high osmotic medium, 26.6% w/v PEG was
added (~1400 mOsm). The loading protocol consisted of a preload period of

V

20h LDL and 2 days SPL in culture medium, followed by an experimental period
of 10 days of SPL. A second batch of intervertebral discs were divided into four
experimental groups (N=5 per group): 1. Only preloading (Control); 2. culturing
for 12 days on complete culture medium (Medium); 3. after preloading, culture on
high osmotic medium was performed for 3 days after the initial preloading period
(PEG 3d); 4. after preloading, culture on high osmotic medium was performed for
7 days (PEG 7d). For both PEG groups (3 and 4), culturing on normal medium was
continued after culture with their respective periods. The experiment continued
for a total of 12 days and 20 hours. Upon medium refreshing (every 2-3 days),
chambers were flushed with PBS with PSF, and old medium was checked for pH and
osmolarity (Osmomat 30, Gonotec, Berlin, Germany).
Directly after the 12-days experiment, mid-saggital 4mm samples were prepared
without exposure to water using a specially designed double-bladed hand saw.
Fixation on 4% formalin was performed for 10 days, after which samples were
decalcified for a week in Kristensens solution. Samples were embedded in paraffin
and cut into 5µm sections. Sections were stained for HE and Alcian-Blue-PAS,
to investigate possible disruptions to the annulus or endplates, or migration of
proteoglycans. Histologic scores were taken using the goat disc degeneration score
by Hoogendoorn et al.3, by two independent observers (PV and MP), average values
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of these observers were used for analysis. We also included biochemical evaluation
to verify the results of the main experiment, and investigate whether water content
was restored upon culturing in normo-osmotic medium.

Results
Biochemical, macroscopic and histologic evaluation
After restoration of medium osmolarity in the supplemental experiment, water
content was restored in all discs, and was similar between experimental groups
(Figure 1a, p = 0.374). Corresponding with the main experiment, the biochemical
composition of the disc was not affected by the experimental group (Figure 1b, c,
p-values > 0.277). Additionally, we could not find any damage upon macroscopic or
histological evaluation (Figure 2). Finally, histological scores were not affected by
experimental group (Figure 1e, p = 0.341). Furthermore, scores were generally low
(range 0-3) on a 6 point scale, and no points were scored in any disc for the annulus
bulging inward, thereby indicating sufficient intradiscal pressure in all discs after
restoration of medium osmolarity.

Figure 1. Overview of outcome measures of osmotic restoration experiment. (A) Water content
for individual parts of the intervertebral disc for all groups. (B) Glycosaminoglycan content for all
groups. (C) Hydroxyproline content for all groups. (D) Osmotic values of withdrawn culture medium
after refreshing for all groups during the osmotic restoration experiment. (E) Goat disc degeneration
histologic grading scores. No statistical differences were found for graphs A-C and E.
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Figure 2. Typical examples of macroscopic and microscopic evalulation of discs within respective
groups. No differences were identified.

Biomechanical evaluation
Unfortunately, in-depth biomechanical evaluation of the secondary experiment

V

was impossible due to frequent medium refreshing, which induced artefacts, and
required short-term unloading of specimens which rapidly changed water content
and biomechanical response. However, there was a notable pattern visible for all
discs within specific groups, when data in between the medium refreshing phases
was stitched together (Figure 3). During the 68h preload, discs of all groups showed
a comparable response to mechanic load. When high osmotic medium was added
at day 3 (Arrow 1, PEG 3d and PEG 7d groups), disc height and recovery diminished
compared to controls, similar to the changes in experiment 1. Upon restoring the
culture medium to normal after 3 and 7 days, respectively, disc height showed
restoration towards controls. This restoration started immediately upon changing
to norm-osmotic medium (arrow 2 and 3 for PEG 3d and 7d, respectively), and
persisted during the daytime loading phases, where disc height is normally lost.

Conclusion
We performed this supplemental control experiment to evaluate possible tissue
damage, no damage could be discovered on biochemical, macroscopic or histological
investigation. Furthermore, water content was restored, and biomechanical
behaviour showed restoration towards control. Overall, results indicate that no
damage occurred during culture on high osmotic medium.
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Figure 3. Typical examples of the displacement data over the 12 days of the secondary experiment. For
clarity, artefacts due to medium refreshing are removed by stitching load curves together before and
after medium refreshing. Arrow 1 indicates the end of the preload, and beginning of culture of PEG
3d and PEG 7d on high osmotic medium, a clear decline of disc height for both discs is seen. Arrow 2
indicates the change of PEG 3d disc back to norm-osmotic medium, following this medium change, disc
height is increased. Here some of the artefacts remain visible in both PEG groups: disc height increases
and reduces within a single loading phase. Arrow 3 indicates the change of the PEG 7d disc back to
norm-osmotic medium, subsequently disc height is restored towards normal.
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Abstract
The intervertebral disc (IVD) allows flexibility to the vertebral column, and transfers
the predominant axial loads during daily activities. Its axial biomechanical
behaviour is poro-elastic, due to the water-binding and releasing capacity of the
nucleus pulposus. Degeneration of the intervertebral disc presumably affects both
the instantaneous elastic response to the load on the IVD and the subsequent
interstitial flow of fluid. This study aims to quantify the poro-elastic behaviour of
the IVD and its change with degeneration, as defined by the MRI-based Pfirrmann
Score (PS). For a ten-day period, 36 human lumbar IVDs were loaded with a
simulated physiological axial loading regime, while deformation was monitored.
The IVDs responded to the loads with instantaneous elastic and slow poro-elastic
axial deformation. Several mechanical parameters changed throughout the first five
days of the experiment, after which the IVDs settled into a dynamic equilibrium.
In this equilibrium, degeneration was significantly related to a decrease in disc
height loss during the daytime high load phase (ρ = -0.49), and to a decrease
in the rate of this deformation during the final half hour of each day (ρ = -0.53).
These properties were related to the nucleus glycosaminoglycan/hydroxyproline
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(GAG/HYP) ratio, rather than GAG content alone, indicating that remodelling of the
extra-cellular matrix reduces poro-elastic properties of the IVD. This implies that
the degenerated discs have a reduced capacity to bind water and/or a reduced
resistance against fluid flow. The resulting loss in hydrostatic pressure may further
change cell behaviour in the nucleus pulposus.
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Introduction
Low back pain (LBP) is one of the most frequent medical complaints in western
society, with enormous socioeconomic impact1. Lifetime prevalence of more than
three months of LBP is 20%2, and direct and indirect costs of LBP are estimated at
0.6% of the gross national product in the Netherlands3. Despite this, the scientific
progress to improve prevention and cure has been limited so far4. Progress has
been hampered, among others, by difficulties in pinpointing the aetiology of nonspecific LBP5. In the past two decades, the relation between intervertebral disc
(IVD) degeneration and LBP has been under debate4,6,7, but recent epidemiological
studies show that IVD degeneration indeed is a significant predictor8-10.
Structure and function of the intervertebral disc
The IVD is a “cushion-like structure”11. Its core is the nucleus pulposus, a gellike matrix rich in proteoglycans, which is contained by the annulus fibrosus,
consisting of alternating lamellae of collagen type-I fibres. The IVD’s function is
essentially mechanical, and can be seen as an elastic hinge that provides flexibility
and transfers loads in the vertebral column11,12. The functional status of IVDs
can therefore be described by considering their biomechanical properties. The
predominant load on the IVD is axial compression13. The response of the IVD to
this load has been modelled as a system with poro-elastic properties

. The slow

14,15

poro-elastic behaviour is mediated by fluid flow, due to the binding and releasing
of water by the proteoglycans in the nucleus. The bound water in the nucleus
generates an intradiscal osmotic pressure, which separates the vertebrae and
tensions the annulus fibres12. Upon axial loading, there is an instantaneous elastic
response, which is the result of the tensioning of annulus fibres16. At the same
time, the axial pressure surpasses the intradiscal pressure and bound water is
slowly lost from the IVD, resulting in a characteristic slow creep17. In healthy discs,
the cells in the IVD produce the proteoglycans that generate its intradiscal osmotic
pressure, and thereby maintain its biomechanical function.
In degenerated intervertebral discs, a marked reduction in proteoglycan content as
well as disorganization of the annulus fibres has been observed17. This affects the
water-binding capacity, thereby reducing the hydrostatic pressure18, and altering
the response to compressive loads19,20. The influence of proteoglycan content on
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IVD mechanics has been shown indirectly, as enzymatic digestion of proteoglycans,
induced by injection of Chondroitinase ABC (CABC), caused disc narrowing21-23, and
changed flexion mechanics23 and intradiscal pressure24. Furthermore, it was shown
that nucleus pulposus material properties were moderately related to proteoglycan
content25. However, the direct relation between proteoglycan content and wholedisc mechanics has to our knowledge not yet been studied. This relation however
may be the core of the degeneration process, because the loss of proteoglycans
and the related reduced hydrostatic pressure increases the shear stresses in
the nucleus19. The increase in shear stresses in turn influences cell activity, as
hydrostatic pressure leads to different gene expression in the cells than when
subjected to shear stresses, the latter further reducing proteoglycan content26-28.
Therefore, mechanical function of the IVD and disc degeneration are presumably
closely related.
A common definition of IVD degeneration is based on the appearance of the IVD on
MRI images. Many epidemiological studies have used this definition to investigate
the relation between IVD degeneration and low-back pain7-10,29. The most commonly
used grading method for MRI images is the algorithm introduced by Pfirrmann et

VI

al.30. In short, the signal intensity on T2-weighted MRI images is used to estimate
water content, and, together with morphological parameters is used to grade IVD
degeneration on a scale from 1-5. It is considered “the most clinically relevant”31
lumbar IVD degeneration grading method, because of its non-invasive nature and
high reliability. The relation to the functional status of the tissue, however, has
been under debate because the method was introduced without investigating the
relation to tissue properties32.
To date, the relationship between mechanical function and degeneration has not
been elucidated. Antoniou et al.33 recently reviewed five studies that correlate
biomechanical properties of small samples of nucleus or annulus in vitro to either
age or IVD degeneration grading; however, these correlations were weak, possibly
due to the separation of nucleus and annulus. Other studies used complete motion
segments for biomechanical in vitro research, but the IVDs used were removed
from their physiological conditions and unloaded for a while, which may have
influenced the results of the research performed so far19,34. The recent development
of animal disc culture systems may benefit research relating degeneration to
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mechanical function, as they allow extended loading of animal IVDs in order to
approximate physiological conditions35-37. Beside creating a simulated physiological
biomechanical environment, some systems can measure the disc’s response to the
loading, creating new opportunities to evaluate the functional status of IVDs.
In this study, the advantages of a loaded disc culture system are exploited to
investigate the biomechanical properties of human IVDs during long-term loading,
and its association with MRI-based degeneration grading. The application of longterm physiological loading can reduce the effect of the inevitable unloading prior
to the experiment, and allows the IVDs to settle in a dynamic equilibrium, similar to
the situation in vivo. Because degeneration affects the structures that determine the
water-binding capacity of the IVD, we hypothesize that Pfirrmann Score correlates
with biomechanical parameters that describe the poro-elastic response to axial
load. Furthermore, we hypothesize that a reduction in glycosaminoglycan (GAG)content of the nucleus, a measure for proteoglycan content, is related to a reduced
poro-elastic response.

Materials and methods
In total, 48 lumbar IVDs were obtained from 12 spines of freshly frozen human
cadavers (age: 64-93 years). After thawing, MRI T2-weighted images of all spines
were obtained using a Siemens© Symphony 1.5 T scanner (Syngo MR A30, software
NUMARIS/4, Berlin, Germany). Three observers independently graded the IVDs for
degeneration using the Pfirrmann Score (PS) on a scale of 1-530. Additionally, two
alternative scores were obtained. The first method was introduced by Griffith et
al.38, who suggested that the PS may not be discriminating enough in an elderly
population, and adapted it to the Modified Pfirrmann Score (MPS), which has
an eight-point scale. The second alternative method is the Thompson Score, a
morphological five-point grading scale of a midsagittal slice39. This was graded
on the basis of pictures obtained after the experiments described below were
conducted.
From the obtained spines, all soft tissue and the posterior elements were removed,
and IVDs were isolated by parallel cuts through the vertebral bone with a band
saw. Approximately half a centimetre of bone was included to ensure inclusion of
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the endplates. The IVDs were submerged in PBS (Gibco® DPBS; Life technologies,
Carlsbad, CA, USA, osmolality of 280-320 mOsm/kg). To prevent infection, 10,000
μg/mL penicillin, 10 mg/mL streptomycin and 25 μg/mL amphoterizin B (PSF,
Sigma-Aldrich®; St. Louis, MO, USA) were added. As it was assumed that few cells
in the IVD had survived freezing, no medium refreshments were conducted during
the experiment. Discs were tested in a custom built culture system, previously
described by Paul et al.28,37 and modified to allow testing of human specimens
(Figure 1).

VI

Figure 1. The Loaded Disc Culture System used in this study. The IVD is located inside the Culture
Chamber.

After 2 hours of preloading at 76 kPa, a diurnal loading regime was applied for 10
days. We used 16 hours of simulated daytime loading (sitting and walking), and 8
hours of simulated night time loading (supine/prone position). Applied pressures
were based on in vivo measurements of intradiscal pressure during daily activities40.
These intradiscal pressures were adjusted to axial compression pressures because
previous in vitro compression studies showed intradiscal pressures in human IVDs
to be 1.5 times the applied compressive pressure41. Therefore, all discs received
a daily regime of 16 hours of (average +/- sine amplitude) 370 +/- 130 kPa and
eight hours of 73 +/- 10 kPa (Figure 2). All loads were applied as a sine wave at a
frequency of 1 Hz.
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Figure 2. Loading regime. Applied axial load on top of the IVD. A diurnal rhythm of 16 hours high
dynamic loading and 8 hours of low dynamic loading was applied.

VI

Data analysis
Forces were measured with a Kam-e load cell (Bienfait, Haarlem, The Netherlands);
disc height changes were measured with an oadm12 optoelectric sensor (Baumer,
Berlin, Germany). Both signals were digitized at 100 Hz. For analysis of the data,
customized programs in Matlab (version 2012b for Linux, Mathworks, Natick MA)
were used. Analyzed outcome parameters include subsidence during daytime
phases, time constants, and average stiffness per day (see Figure 3). Time constants
of the axial deformation were calculated using the double-Voigt method, described
by Van der Veen et al.42, using the long-term time constant. The quality of the fit
was checked with visual inspection and linear regression analysis: only fits with a
R2 > 0.98 with the original data were used for analysis. The rate of subsidence at
the end of each day was obtained with a linear fit over the final half hour of the
subsidence phase. The stiffness was calculated by dividing the amplitude of the
force signal by the amplitude of the disc height signal, and averaging these ratios
over all sine waves during the subsidence phase.
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Figure 3. Typical example of the response of an IVD to the applied load. When zoomed in at day 6, the
changes in disc height between point a and b, and between c and d are instantaneous, elastic responses.
The changes between b and c, and between d and a, are slow, poro-elastic responses. Points a and c
are defined as the average disc height during the final 50 seconds of the load phase, point b and d as
the average disc height during the first 50 seconds of the load phase. The loss of disc height between
point d and a will be referred to as subsidence. The time constants and the stiffness are determined in
the subsidence phase. The stiffness is calculated using the average amplitude in the subsidence phase.

Biochemical analysis
Tissue samples for biochemical analysis of all discs were obtained from the nucleus
pulposus. Samples were freeze-dried (Speedvac) and subsequently digested in
a papain-digestion solution composed of a phosphate buffer, 100 mM pH 6.5,
5 mM L-cysteinie-HCl, 5 mM EDTA and 100 µg papain per ml digestion solution (All
Merck Millipore, Billerica, USA) overnight, in a water bath at 65°C. Digested samples
were diluted to fit within the assay measurement threshold, and GAG content
was analyzed using a DMMB assay (Biocolor Ltd, Carrickfergus, UK) according to
manufacturer’s protocol, as a measure for proteoglycan content. Of the remaining
papain-digestion solution 500 µl was used to quantify hydroxyproline (HYP) content,
as a measure for total collagen content, using a 1,9-dimethylamino-benzaldehyde
assay as described by Paul et al.37. Obtained nucleus GAG content was expressed
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in micrograms per milligram tissue dry weight. Lastly, the nucleus GAG content
was expressed relative to nucleus HYP content (GAG/HYP ratio), which has shown
strong changes with degeneration43. This is a measure for state of remodelling of
the nucleus, as the nucleus cells change their extracellular matrix production with
progressive degeneration from proteoglycan to collagen type-I, thus decreasing the
GAG/HYP ratio28.
Statistics
To study the relation between several biomechanical parameters (i.e. subsidence,
stiffness, time constant and rate of subsidence) and degeneration gradings
and biochemical measures, Spearman’s rank correlation coefficient (ρ) and
corresponding p-values were calculated. Spearman’s ρ was used because of
the ordinal nature of the grading data and the non-normal distribution of most
biochemical data. Additionally, the Pfirrmann Score of the three observers were
averaged and rounded to the nearest integer, after which a General Estimation
Equation with each spine as subject variable was used to pairwise compare
consecutive Pfirrmann Score for each biomechanical parameter. Inter-observer
consistency of the degeneration grading was determined using the averaged intraclass correlation coefficient. Furthermore, the parameters as obtained during day
one of the experiment were compared to the parameters in equilibrium using a
paired t-test. A Wilcoxon signed-rank test was performed to compare the pre-test
Pfirrmann Score and the post-test Thompson Score.

Results
Of the 48 discs, 36 remained for analysis. Two were damaged during preparation
and had to be discarded, and three discs were removed due to technical problems
during measurements. One disc was removed, as no relevant disc height changes
were measured, presumably due to clamping of the cover of the culture chamber.
Six other discs were excluded because structural damage was observed during
the experiments. Structural damage presented itself in the form of either sudden
disc height changes (cracks) or an accelerating disc height loss at the end of the
experiment (accumulating damage) (Figure 4). Six nuclei had to be excluded from
biochemical analysis because not enough nucleus material could be identified, or
the GAG content was too low to fit in the standard assay (< 18 μg/mg dryweight).
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Figure 4. Disc height changes of a discarded disc. Progressive reduction in disc height can be observed.
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Figure 5. Typical examples of the displacement graphs of an end-stage degenerated disc (PS 5) and a
mildly degenerated disc (PS 3).
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The MRI grading of the 36 IVDs showed a distribution from mild to end-stage
degeneration (PS 2-5, mean 3.39; MPS 2-8, mean 4.53; TS 2-5, mean 3.56). The
averaged intra-class correlation coefficient between observers was 0.84 (PS), 0.87
(MPS) and 0.94 (TS). Figure 5 shows a typical example of the mechanical response
of a mildly and a severely degenerated disc. The first day shows great reduction
in disc height, after which the discs enter a dynamic equilibrium after 4-5 days.
Although the severely degenerated disc still loses disc height after day six, the
parameters of interest do not change, which is the definition of equilibrium used in
this study. For example, as can be seen in Figure 6, no substantial changes in daily
subsidence are found after day six. Therefore, the sixth day of loading was used
for analysis, and compared with day one.

Figure 6. Development
of
the
daily
subsidence over the days. The parameter
stabilizes after 5 days.

VI
Table 1 shows that, except for the time constant, all parameters at day six differed
significantly from day one. Correlations between MRI gradings and biomechanical
parameters range from none to moderate. Notably, several parameters showed
better correlation to the degeneration grades on day six than on the first day of
loading. The PS correlated significantly with the subsidence at day six (p = 0.003),
and the slope of the subsidence at the end of day one (p = 0.018) and six (p = 0.001).
These parameters showed similar or slightly higher correlations with the MPS. The
TS showed overall higher correlations, with only subsidence day one not reaching
significance (p = 0.13). Except for the rate of subsidence at the end of day six,
no significant relation between absolute nucleus GAG content and biomechanical
parameters was found. If divided by a measure for total collagen content, the
HYP content, significant relations were found with time constant (p = 0.008) and
subsidence rate at the end of day six (p < 0.001), and the stiffness at day one
(p = 0.015). Overall, the GAG content seems to be a worse predictor of biomechanical
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properties than the GAG/HYP ratio (Figure 7). It is noteworthy that the relation of
the biomechanical parameters to GAG content and GAG/HYP ratio was consistently
reverse in sign compared to the degeneration scores, as expected.
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Figure 7. Scatter plots of biomechanical data.
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Parameter

Average

Correlation

Correlation

Correlation

Correlation

Correlation

value

with

with

with

with GAG-

with GAG/

*Significant

Pfirrmann

Modified

Thompson

content

Hyp ratio

difference

score (PS)

Pfirrmann

Score (TS)

nucleus

nucleus

with day 1

score (MPS)

Subsidence
day 1

1.813 mm

Subsidence

0.599 mm

day 6

Subsidence
end day 1
Rate of
Subsidence

Stiffness
day 1
Stiffness
day 2

-0.14

0.26

-0.28

-0.14

-0.49**

-0.47**

-0.33*

0.08

0.25

-0.39*

-0.50**

-0.39*

0.16

0.31

-0.53**

-0.61***

-0.54***

0.37*

0.61***

0.37*

0.44**

0.59***

-0.32

-0.45

0.30

0.45**

0.52**

-0.14

-0.27

11.0 h

-0.12

-0.24

-0.54***

0.25

0.33

10.2 h

-0.27

-0.39*

-0.47**

0.34

0.48**

***

Rate of

end day 6

-0.24

0.043
mm/h

0.013
mm/h

2489 N/mm
2762 N/mm
***

Time
Constant

VI

day 1
Time
constant
day 6
Table 1. Average values of the parameters and Spearman’s correlation coefficients between
biomechanical parameters, degeneration grades and biochemical parameters.

Figure 8 shows the quantitative distribution over PSs of the parameters of interest on
day six of the measurements. As shown, all parameters showed a highly significant
main effect (p < 0.001), which indicates that correcting for the between-subject
variability increases the statistical significance. Pairwise tests between consecutive
PSs showed that the difference between grade 4 and 5 was the most notable in
these parameters.
The Wilcoxon signed-rank test to compare pre-test PS and post-test TS did not
show significant changes in degeneration (p = 0.42).
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Figure 8. Top left: number of IVDs per PS group. Others: Average value for biomechanical parameters,
grouped by PS. If main effect has been shown by the GEE, this is indicated after the title. Significance of
the pairwise evaluation is shown in the graphs. *p<0.05, **p<0.01, ***p<0.001.

Discussion
This study was the first to measure biomechanical properties of entire human IVDs
under an applied simulated physiological loading regime lasting ten days. Figure
5 pre-eminently visualizes the response of IVDs to the diurnal load, and how this
changes with degeneration. It can be seen that the IVD shows instantaneous elastic
response to changes in load, as well as slow poro-elastic responses, in line with
existing models14,15. The results of this study indicate that degeneration of the IVD
is related to (1) less subsidence during a day of loading, (2) lower subsidence rate at
the end of the day, and (3) higher stiffness. The most pronounced differences were
observed between IVDs with PS 4 and 5, suggesting that biomechanical properties
change most substantially during the end-stage degeneration.
Most of the parameters evaluated in this study were significantly different at day
six of the experiment compared to day one. The subsidence during day six of
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the experiment showed a significant correlation with degeneration grade, but the
subsidence at day one showed very weak, insignificant correlations. As shown
in Figure 6, the average subsidence per day reduced the first five days, and was
stable thereafter. In the first days of loading, the subsidence may have been related
largely to the temporal state of hydration at the start of the experiment, which is
difficult to control. This can be prevented by measuring multiple cycles of loading
and unloading until parameters are stable. This study shows that the parameters
then obtained may have a higher clinical relevance, because they show a better
relation with IVD degeneration. The reason for this is that the initial condition of
the IVDs was one of “superhydration” due to prolonged unloading after excision
of the spinal segments. This means that the state of the disc was close to the
maximal disc height, which, in vivo, would only occur after prolonged space-flight
or bed-rest14. Therefore, the amount of subsidence on the first day was consistently
greater than the recovery during the first night, leading to a state of less hydration
after day one, which reduced the possible amount of subsidence at subsequent
days. After some days, the amount of subsidence and the recovery stabilized in a
dynamic equilibrium. This was usually the case after six days.
Highest correlations with degeneration scores were found for the rate of subsidence
at the end of each day. This indicates that with increasing degeneration, the
subsidence is almost complete after a day of loading. The healthy discs, however,
are still losing disc height at the end of the loading period. This shows that the
healthy discs do not operate in the limits of the system, and maintain a dynamic
behaviour, in contrast to degenerated discs.
The stiffness of the IVD in equilibrium did not show a significant correlation with
Pfirrmann score (PS), but did show significant correlations with Modified Pfirrmann
score (MPS) and Thompson Score (TS). A main effect of PS on stiffness was found,
however, in the GEE model. In Figure 8 it can be seen that the stiffness of the
group of PS 4-5 deviates most pronouncedly, in line with other variables. A relation
between stiffness or elastic modulus and degeneration has previously been found
in the literature33,44.
In contrast to the amount of subsidence itself, the time constant of the subsidence
during day six did not show a significant relation with PS, although the GEE did
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show a main effect. However, with the TS, clear correlations with the time constant
at day one and six are found. This may be partly explained by the fact that the time
constants are rather large (average 10.2 hours) compared to the time measured
(16 hours). Van der Veen et al.15 recommend extending the measurement time
at least 3 times the expected time constant to accurately acquire time constants.
As the diurnal loading regime did not allow such an extension, estimations may
be less robust, leading to more scattered results. In future experiments, the final
loading phase could be extended to approximately 60 hours in order to estimate
time constants more accurately.
The biomechanical parameters did not show a clear relation with GAG content
in the nucleus. This is surprising, as proteoglycan loss is commonly accepted as
the mediating factor in the relation between degeneration and biomechanics (e.g.
). However, to our knowledge, only few studies have experimentally tested this

14,17

relation. It has been established that enzymatic digestion of proteoglycan with
injection of Chondroitinase ABC (CABC) alters some mechanical parameters like
flexion mechanics23 and intradiscal pressure24. In articular cartilage, the proteoglycan
content has been shown to correlate strongly with stiffness45. Furthermore, nucleus
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pulposus material properties were found to be moderately related to GAG content25.
Possibly, the contrasting findings in this study were limited by the specimen
characteristics, as the GAG content in all nuclei was found to be low (maximal 208
µg/mg dw). The reason for this can be found in the age of the specimen, as GAG
content is known to reduce with age, independent of degeneration46. Six nuclei
had to be excluded from analysis because not enough nucleus material could be
identified, or the GAG content was too low to fit in the standard assay (less than
18 μg/mg dry weight). Together, this limited the range of GAG content, thereby
probably reducing the possibility to find a strong correlation. The GAG content
relative to the HYP content, however, did show significant moderate to strong
correlations to time constant and subsidence rate. With degeneration, the cells in
the nucleus produce less proteoglycans and start to produce more collagen type I28,
which can be seen as remodelling of the disc. As HYP content is a measure for
collagen content, the GAG/HYP ratio is an indicator for this process. The results of
this study show that the remodelling of the nucleus from a proteoglycan-rich gel to
more collagen type-I-rich fibrous tissue is related to poro-elastic properties of the
disc. This indicates that besides the proteoglycans, also the collagens play a role in
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the poro-elasticity of IVDs. However, to elucidate the relation between biochemical
content and whole-segment biomechanical properties, more research is needed.
Altogether, measures for the slow, poro-elastic response of the IVD to the
increased load during daytime are significantly related to degeneration. These
results support the common view on disc degeneration as a loss of capacity to bind
water under load. This is reflected by the reduction of the poro-elastic response.
Presumably, this is caused by the reduced swelling capacity of the nucleus and/
or the permeability of the system (i.e. IVD and endplates) for fluids. The swelling
capacity of the nucleus is believed to be determined by the proteoglycan content47,
although the results of this study imply that especially the ratio of proteoglycans to
collagen may be of importance. The other possible mechanism that would influence
poro-elastic behaviour is an increase of the permeability of the system, which would
disable the nucleus to build up pressure. The fluid flow out of the nucleus is known
to be directed through the annulus rather than the endplate, as total blocking
of the endplate does not influence biomechanical behaviour42. Furthermore, the
permeability of the annulus is about a tenfold higher than the permeability of
the nucleus and endplate48. This indicates that the permeability of the annulus is
not a main factor for the ability of the system to build up pressure, and that the
permeability of the nucleus itself may be of more importance. Annulus fissures
may therefore not necessarily have a direct effect on the axial biomechanics. The
influence of annulus and nucleus permeability on whole-disc mechanics may be of
interest for future research.
The number of discs that failed during this study (six) indicates that the loading
was quite intense. A graph depicting one of the six discarded discs can be seen in
Figure 4. Damage of the subchondral bone was visually observed in this sample
after the measurements. A possible explanation can be found in the high age of the
donors at time of death, so that the subchondral bone was possibly osteoporotic.
Furthermore, it is possible that the bone was weakened by sawing close to the
endplate.
Freshly frozen human material was used in this study. Previous studies have
shown that the biomechanical properties are not significantly altered after freezing
and thawing human intervertebral discs compared to shortly post-mortem49,50.
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Additionally, the frozen storage is expected to drastically lower the cell viability
in the IVDs51. Therefore, no active degeneration processes are expected. The
TS, obtained after the experiments were conducted, did not show a significantly
higher grading compared to the pre-test PS. Also, the stabilization of parameters
indicates that no ongoing degenerative process is influencing the biomechanical
parameters. The same applies to the biochemical content, where the amount of
viable cells that could actively break down the proteins is expected to be very low. In
previous research, no effect of freezing on GAG content was found52. An additional
limitation may be found in the MRI images of the spines, as they were obtained
post-mortem. Therefore, the unloading of the spine prior to the MRI may have
caused underestimation of the degeneration gradings in some discs, due to postmortem water uptake and subsequent increase in disc height. The non-significant
difference between PS and TS implies that this is not of major influence, as the TS
was obtained after the experiment, which normalizes the state of superhydration.
Implications
The mechanical environment has great influence on IVD cell functioning. Both
unloading and overloading have been shown to reduce cell viability, and alter
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genetic expressions27. The reduction of poro-elastic behaviour in degenerated
discs implies a reduction in hydrostatic pressure. The reduction in hydrostatic
pressure will increase the shear stresses in the IVD19,26, which is known to have
a mechanobiological effect on the IVD cells. The cells respond to shear stress by
activation of remodelling genes, which leads to increased production of collagen
type-I26,28. Furthermore, a reduction in hydrostatic pressure reduces proteoglycan
production53. This research showed that the ratio between proteoglycans and
collagen is related to poro-elastic properties of the disc. Possibly, this leads to a
positive-feedback loop where degenerative mechanical cues induce remodelling,
which causes more mechanical cues, etcetera54. Regenerative therapies should
therefore aim to restore the biomechanical environment of the IVD cells, possibly
by restoring the permeability and/or increasing swelling pressure through the
water-binding capacity of the IVDs. For evaluation of disc-repair mechanisms and
regenerative treatments, an ex-vivo environment like the loaded disc culture system
could prove to be a useful tool, and the parameters identified in this study can be
used to evaluate attempts to restore the functioning of the IVDs.
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The results of this study indicate that the changing biomechanical properties of
the disc show mostly a weak to moderate relation to degeneration, based on MR
imaging. End-stage degenerated discs (PS 5), although few in number, attributed
most pronouncedly to this relation. The found absence of a strong relation could
explain the difficulties encountered in finding a relation between MRI-based disc
degeneration grading and low back pain, with the most convincing relations found
in studies that specifically considered the most degenerated discs9. The accuracy
of spinal degeneration assessment based on imaging can be compromised by the
effects of loading history on disc fluid content. For instance, a 10% difference in
MRI signal intensity has been reported between images taken in the morning and in
the evening55. Additionally, it should be taken into account that the supine position
of the patient will increase disc height instantaneously compared to standing due
to the elastic response (0.2-0.7 mm per disc in this study, see example in Figure 3).
Alternative imaging methods, like the recently developed T1ρ- and T2*-weighted
MRI techniques may provide stronger relations. However, new imaging techniques
should be validated intensively to physiological parameters, before large and
costly epidemiological studies are conducted. The Thompson Score shows overall
stronger relation to biomechanical properties than the MRI-based degeneration
scores. This indicates that this score is preferable in scientific context.
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In conclusion, a loss of poro-elastic behaviour of IVDs is related to the degeneration
of the intervertebral disc, and its restoration should be a priority for attempts
to regenerate discs. Moreover, long-term loading is needed to obtain relevant
measures. Furthermore, the Pfirrmann Score, which grades T2-weighted MR
images, is not a strong predictor of the biomechanical properties of IVDs. The
ratio between proteoglycan content and collagen content (GAG/HYP ratio) showed
stronger relations to disc biomechanics than solely the proteoglycan content. The
relation between biochemical content and whole-disc mechanics needs further
investigation.
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Abstract
Study Design
A biodegradable glue was biomechanically tested for annulus closure using nondegenerated goat intervertebral discs. Ultimate strength and endurance tests were
performed using native and punctured discs as positive and negative controls,
respectively.
Objective
The aim of this study was to investigate the feasibility and biomechanical properties
of a biodegradable glue for annulus closure.
Summary of Background Data.
There is an unmet clinical need for annulus closure techniques. Isocyanateterminated tissue glues show potential because they adhere to annulus tissue, have
an elastic modulus similar to the annulus, and show limited cytotoxicity to human
annulus fibrosus cells.
Methods
Three biomechanical tests were performed divided in two parts: Part 1: Ultimate
strength tests comparing native, punctured (2.4mm needle) and glued caprine
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intervertebral discs (n = 11 per group). Part 2: 10 discs per group were subjected
to a 10-day ex vivo endurance test of 864,000 load cycles, followed by ultimate
strength tests. Outcome parameters include the restoration of strength after
puncture, reduction of herniation in the endurance test, and conservation of glue
strength after endurance testing.
Results
Part 1: The glue partially restored subsidence to failure and yield strength / ultimate
strength ratio (YS/US) of intervertebral discs. Part 2: During endurance testing, 40%
of punctured discs failed compared to none of the glued discs. Endurance testing
did not affect glue strength, and pooling of ultimate strength tests showed that the
glue restored: ultimate strength, work to failure and YS/US to 79%, 75% and 119%
of native values respectively.
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Conclusions
A biodegradable isocyanate-terminated glue increases the force at which nucleus
protrusion occurs, and it limits herniations during endurance or ultimate strength
tests. Biomechanical tests in a bioreactor provide a low-cost assessment for annulus
repair strategies; however, the clinical efficacy needs to be further addressed using
long-term in vivo studies.

Introduction
Numerous therapies are being developed to regenerate the nucleus pulposus of
a degenerated intervertebral disc, but the delivery of therapeutics to the nucleus
merits further attention. The easiest entry into the nucleus is by needle through
the annulus fibrosus (AF); however, this is a common model for intervertebral
disc degeneration in animal studies1. In humans, annulus puncture increases the
10-year risk of: nucleus herniation; endplate changes; progression of intervertebral
disc degeneration; and annular fissure2. These changes appear predominantly on
the side of the injection, suggesting that puncture of the AF invokes irreversible
damage to the intervertebral disc2. Therefore, techniques to restore annulus
integrity are needed, but this need is currently unmet3–5. Such techniques may also
prevent re-herniation following discectomy.
Previously, Likhitpanichkul et al. set criteria for annulus closure with a glue: 1)
strongly adhesive to native AF; 2) biomechanically tuned to match AF mechanical
properties; 3) biocompatible; 4) able to withstand repetitive loading until resorption;
5) injectable and fast setting for easy delivery to injury site at time of surgery6. We
have reported earlier that isocyanate-terminated glues are promising materials to
be used as tissue glues because they show: 1) adhesion properties to AF to be
two times better than adhesion of fibrin glue7; 2) an elastic modulus similar to
the AF7,8; and 3) limited cytotoxicity to human AF cells9. In the present study, we
tested the last two criteria: 4) the endurance of the glue, and 5) the feasibility of
glue application to an annulus fibrosus puncture. Additionally, we test the strength
of annulus closure, because an annulus glue should withstand short peak loads to
prevent herniation of the nucleus pulposus.
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This biomechanical study tested a biodegradable isocyanate-terminated tissue glue
for the closure of an annulus puncture using non-degenerated goat intervertebral
discs. Three biomechanical tests were performed divided in two parts, Part 1:
ultimate strength tests were performed to evaluate the ability of the glue to contain
the nucleus in comparison to healthy and punctured discs. Part 2: a 10-day
endurance test of 864,000 load cycles was performed. Following this endurance
test, another series of ultimate strength tests were performed to determine if the
glue would have similar strength as in Part 1. Overall, surgical handling of the glue
was of interest. Our primary hypothesis was that the glue could restore strength
in comparison to a punctured disc, but would not be as strong as an intact, nondegenerated disc. Our second hypothesis was that the glue would reduce nucleus
herniation in the endurance test. Our third hypothesis was that the performance of
the glue in the ultimate strength test is conserved after endurance loading.

Materials and Methods
Glue properties and production
A biodegradable HDI-TMC1-PEG400-TMC1-HDI tissue glue was synthesized as
described previously9. For an elaborate description of the production of the glue,
chemical structure, biomechanical properties of the cured glue network, and lapshear tests of glue to annulus fibrosus tissue, we refer to “Supplement to Chapter
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VII” on page 179.
Specimens and specimen preparation
For Part 1, 33 intervertebral discs of skeletally mature 3-to-5-year-old Dutch milk
goats (8 spines, Th13-L1 to L5-L6) were obtained from a local abattoir. Within
12 hours, anterior-posterior and lateral X-rays were obtained, spines were rinsed
with iodine solution, and soft tissue and posterior elements were removed under
aseptic conditions. The discs were isolated by cranial and caudal parallel cuts,
approximately 3.5mm from the intervertebral disc, to include the endplates and a
minimal amount of vertebral bone. For Part 2, 30 intervertebral discs were similarly
obtained (9 spines, Th13-L1 to L4-L5).
For Parts 1 and 2, discs were stratified into three groups (Figure 1). We used healthy
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intervertebral discs as positive controls (Control group). As negative controls we
punctured discs with a 2.4mm hypodermic needle from the right postero-lateral
side (Annulus Puncture group). Discs in the intervention group were similarly
punctured, after which we directly applied 0.5ml of the glue retrograde through
a 0.8mm needle (Glue group). All interventions were performed in a lamellar flow
cabinet.
A

B

C

Figure 1. Isolated caprine intervertebral discs within all three groups: (A) Control, (B) Annulus Puncture,
(C) Glue.

Biomechanical testing
Part 1: Ultimate strength tests were performed in a material testing device (Instron,
model 8872; Instron and IST, Norwood, Canada). Under 5° left lateral flexion
(pushing the nucleus to the puncture hole), the discs were compressed at a speed
of 2mm/min until failure. Failure mechanism, i.e. endplate fracture or nucleus
protrusion10, and approximate ultimate strength were noted.
Using a custom made Matlab program, load-displacement curves were blindly
assessed in duplo by two independent observers (PV and KE) to identify the point
of failure and the failure mechanism. The load-displacement curves showed two
distinct failure mechanisms: direct decompression due to endplate fracture, or
perturbations to the curve due to nucleus protrusion (Figure 2). Upon disagreement
between the observers or with notations, curves were re-evaluated and consensus
was reached. From the load-displacement curves, we calculated ultimate strength
and subsidence until failure. To reduce the effect of noise, we calculated a second
order exponential fit11,12. Using a first-rank derivative of this fit, we calculated yield
strength and maximal stiffness. Work to failure (WTF) was calculated as the area
under the load-displacement curve. Finally, the ratio between yield strength and
ultimate strength (YS/US) was calculated.
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Nucleus Protrusion

5
3,4
6

Displacement (mm)

1,2

Applied Force (N)

Applied Force (N)

Endplate Fracture

Failure

3,4

5
6

1,2

Failure

Displacement (mm)

Figure 2. Load-displacement curves of the ultimate strength tests. In blue, two examples (left and right)
of the curves that were evaluated by the observers. The left curve shows a typical example of direct
decompression due to endplate fracture and the right curve shows a typical example of perturbations
to the force-deformation curve due to nucleus protrusion. The vertical red line is where the observers
indicated failure, and the red curves are the second order exponential fit. Arrows indicate where the
different variables were calculated; (1) ultimate strength; (2) subsidence until failure; (3) yield strength;
(4) max stiffness; (5) work to failure; (6) yield strength / ultimate strength ratio.

Part 2: The endurance test was performed in our custom built loaded disc culture
system in PBS with penicillin, streptomycin and amphotericin B (1% PSF; Sigma
Aldrich), at 37.5°C13. For 16h per day, simulated physiological load (SPL) consisted
of a sinusoidal load (1 Hz) alternating in magnitude every 30 minutes (40-60N and
80-180N), followed by 8h of low dynamic load (LDL, 40-60N). Discs had a mean area
of 475mm2; therefore, SPL generates pressures ~84-126kPa and ~168-379kPa. All
groups were preloaded with 20h LDL and 48h of SPL (Figure 3). After pre-load, all
discs including controls, were unloaded for exactly 20min, and appropriate discs
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were punctured and glued. After the interventions, all discs were subjected to 24h
LDL to simulate bed rest, followed by nine days of SPL (864,000 load cycles in
total). After this endurance test, discs were unloaded for 24 hours in PBS to gain
maximal intradiscal pressure in every disc, and be comparable to the discs of Part 1.
Subsequently, discs were subjected to similar ultimate strength tests as Part 1.
To correct for specimen size variability, disc surface areas were determined by two
independent observers using photometry in ImageJ (NIH Research Services Branch,
version 1.45s)14, and forces (N) were converted to pressures (MPa). Additionally,
thickness of both endplates was measured in the anterior, central, and posterior
part of the disc from mid-sagital pictures taken after ultimate strength tests.
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Figure 3. Loading protocol for the endurance test, preload consisted of 20h LDL and 2 days of SPL.
After interventions, 24h of bed-rest (LDL) was applied followed by another 9 days of SPL.

Statistical analysis
Statistical analyses were performed in SPSS (IBM Software, Armonk NY, USA,
version 20 for MS Windows). To evaluate differences between intervention groups,
Generalized Estimation Equations (GEE) were, separately for parts 1 and 2 ultimate
strength tests, used on strength test outcomes with donor animal and spinal level
as subject and within-subject variables, respectively, and experimental group as
between-subject factor. If GEE’s yielded significant group-effects, post-hoc pairwise comparisons between control and puncture, and between puncture and glue
were performed. The same GEE’s were applied to pooled data, supplemented with
Part (1 or 2) as factor and Part*Group as interaction, and tested whether endurance
testing had overall effects on strength testing, or affected puncture or glue effects.
Failure mechanism could be affected by endplate thickness, which was tested by
logistic regression analysis. To assess reliability of the blinded load-displacement
curve interpretation, single measures intra-class correlation coefficients were
calculated.
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Results
The glue went fluently through the 0.8mm needle, and was viscous enough to abide
in place. It was possible to smear the glue, and excess glue was easily removed
with a gauze. Cross-linking started within 5-10 minutes after contact with PBS,
resulting in an elastic feel, comparable to normal annulus. The glue did not leak
into the PBS upon curing.
Part 1: Ultimate strength test pre-endurance test
Agreement for the point of failure was excellent, with all intra-class correlation
coefficients between and within observers for both strength experiments over
0.922. No influence of endplate thickness on failure mechanism could be found
(p-values > 0.125), indicating all discs were eligible for further analysis. In the
control group, the majority of discs (8/11) failed through endplate fracture and
3/11 by nucleus protrusion (Table 1). By contrast, in the puncture group all discs
(11/11) failed by nucleus protrusion. Within the glue group, the majority of discs
failed by nucleus protrusion (9/11), but two discs failed by endplate fracture. GEE
group-effects were significant for all variables (p-values < 0.041), but yield strength
(p = 0.216). Puncture significantly reduced: ultimate strength (p < 0.0001),
subsidence (p = 0.001), stiffness (p = 0.012), and WTF (p = 0.004), and it increased
YS/US (p < 0.0001). Application of the glue significantly increased subsidence
before failure (p = 0.03), and decreased YS/US (p = 0.036), and there was a trend
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towards restoration of ultimate strength (p = 0.068).

Paul is een

Klaas is een

held

baas

Figure 4. Disc from the annulus
puncture group which shows a
minor herniation at the site of the
puncture after endurance testing.
Black arrow indicates herniated
tissue.
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Part 2: Endurance test
Four annulus punctured discs failed through nucleus protrusion; their disc
height was significantly reduced compared to other punctured discs (p = 0.026
in an independent t-test) and the culture medium was full with nucleus material.
Additionally, minor nucleus herniations could still be seen at the site of the puncture
(Figure 4). No discs from the control or glue group failed. Therefore, 26 discs were
eligible for subsequent ultimate strength testing.

Table 1. Ultimate strength test pre-endurance test (Part 1)
Control
(N=11)
Failure mechanism
(Endplate fracture/Nucleus Protrusion)
Ultimate Strength (MPa)

Annulus
Puncture
(N=11)

8/3

0/11

Glue
(N=11)
2/9

12.5

±4.4

6.5

±3.6†

9.8

±6.1

Subsidence to failure (mm)

2.3

±0.47

1.6

±0.63**

2.1

±0.32*

Yield Strength (MPa)

7.5

±2.6

5.9

±3.2

6.9

±3.2

13.8

±2.4

10.3

±4.4*

11.8

±4.0

8.6

±6.4

3.2

±2.4**

6.3

±6.3

0.61

±0.20

0.93

±0.13†

0.77

Max Stiffness (MPa/mm)
Work to Failure (MPa*mm)
Yield Strength / Ultimate Strength Ratio

±0.18*

Table 1. Ultimate strength test before endurance testing (Part 1). An asterisk in the annulus puncture
column indicates a significant difference from control group, an asterisk in the glue column indicates a
significant difference from annulus puncture group. All values are Mean ± SD, * = p < 0.05, ** = p < 0.01,
† = p < 0.0001.

Part 2: Strength test post-endurance test
Again, there was a difference in failure mechanism between groups; most control
discs failed by endplate fracture (N = 6/10) whereas all annulus punctured discs
failed by nucleus protrusion (N = 6/6, Table 2). Half of the glue group failed by
endplate fracture (N = 5/10). Significant group-effects were seen for ultimate
strength, WTF, and YS/US (p-values < 0.045). Puncture significantly reduced
ultimate strength (p = 0.022), WTF (p = 0.012), and increased YS/US (p < 0.0001).
Application of the glue significantly restored ultimate strength and WTF (p = 0.029
and p = 0.016, respectively).
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Table 2. Ultimate strength test post-endurance test (Part 2)
Control
(N=10)
Failure mechanism
(Endplate fracture/Nucleus Protrusion)

6/4

±2.9

Annulus
Puncture
(N=6)

Glue
(N=10)

0/6

5/5

5.2 ±2.8*

7.4 ±2.2*

Ultimate Strength (MPa)

9.1

Subsidence to failure (mm)

2.2 ±0.73

1.7 ±0.75

1.9 ±0.40

Yield Strength (MPa)

6.4 ±2.7

4.9 ±3.1

5.5 ±1.7

11.8 ±3.4

11.1 ±3.9

10.6 ±2.0

Max Stiffness (MPa/mm)
Work to Failure (MPa*mm)
Yield Strength / Ultimate Strength Ratio

4.6 ±2.1

1.8 ±1.4*

3.8 ±2.4*

0.70 ±0.19

0.91 ±0.16†

0.78 ±0.22

Table 2. Ultimate strength test after endurance testing (Part 2). An asterisk in the annulus puncture
column indicates a significant decrease from control group, an asterisk in the glue column indicates
a significant increase from annulus puncture group. All values are Mean ± SD, * = p < 0.05, † = p <
0.0001.

Combined evaluation of Part 1 and Part 2
Pooling of data showed an overall reduction of WTF (p = 0.039), and a trend towards
reduction in ultimate strength (p = 0.051) between pre- and post-endurance testing.
However, no interaction between experimental group and pre- or post-endurance

VII

test could be identified for any parameter (p-values: 0.297-0.956), indicating that
endurance testing did not alter the effects of puncture or glue. Absence of this
interaction thus allowed assessing puncture and glue effects in pooled analysis.
GEE group-effects were significant for all variables (p-values < 0.028) but yield
strength (p = 0.123). Puncture significantly reduced (Figure 5, p-values < 0.021):
ultimate strength to approximately 56% of control; subsidence (72%); maximal
stiffness (82%); WTF (40%); and increased YS/US (141%). Application of the glue
restored: ultimate strength to 79% of control; WTF (75%); and YS/US (119%, all
p-values < 0.017). There was a trend for restoration of subsidence until failure
(88%, p = 0.055). The glue did not affect yield strength or maximal stiffness.
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A

Failure Mechanism
Figure 5. Box-and-whisker plots of the pooled
data from ultimate strength tests in Parts 1
and 2. (A) Control and Glue groups consist of
21 discs each, and Annulus Puncture consists
of 17 samples, due to failure of 4 discs in
the Loaded Disc Culture System; (B) Ultimate
Strength; (C) Subsidence; (D) Yield Strength;
(E) Maximum Stiffness; (F) Work To Failure;
(G) Yield Strength / Ultimate Strength Ratio.
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Discussion
This biomechanical study evaluated a biodegradable HDI-TMC1-PEG400-TMC1-HDI
tissue glue for the closure of the annulus fibrosus. The glue fulfilled criteria for
endurance and surgical application; the glue did not loosen or lose strength up to
864,000 load cycles, and application of the glue was convenient and controlled.
Ultimate strength tests showed that the glue partially restored: ultimate strength,
work to failure and yield strength / ultimate strength ratio. Overall, there was a
reduction in the risk of herniation.
Following the primary hypothesis, the glued discs underperformed as compared
to the native intervertebral disc; furthermore, the glue could not fully restore
the normal failure mode of the disc (i.e. endplate fracture)10. However, there was
still a notable difference to punctured discs: in annulus puncture discs, nucleus
protrusion occurred upon reaching the yield strength which is reflected by the high
YS/US. Although nucleus protrusion was still the predominant failure mechanism
in glued discs, there was a reduction in YS/US. Thus, the glue increases ultimate
strength beyond the yield strength. Whether the current glue strength is adequate
for clinical use merits further investigation.
Following the second hypothesis, the glue reduced the risk of herniation as 40%
of annulus punctured discs failed during endurance testing compared to 0% in
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the glue group. Furthermore, failure by nucleus protrusion was reduced in both
ultimate strength tests. However, the failure rate in the annulus puncture group
during the endurance test was lower than expected. Previously, researchers have
used endurance tests of up to 14,000 load cycles in 6 days6, or 100,000 load cycles
in 20 hours15 under similar pressures. The current study surpasses these previous
tests by number of days, and by number of load cycles; however, in the current
study we used uni-axial loading. These load levels are non-traumatic, and are
comparable to ambulatory behavior in terms of magnitude and frequency, and more
importantly the intradiscal pressures generated14,16. The use of uni-axial loading is
an underestimation of the normal situation as flexion, torsion and shear will also be
present during normal ambulation; however, these motions predominantly occur
within their respective neutral zone, resulting in negligible moments17. Therefore,
the main forces during daily activity are axial compression in both goat and human
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intervertebral discs (for details see:17,18). In the ultimate strength tests, we did apply
5° lateral flexion, and although nucleus protrusion was the main mode of failure
in the glue group, herniation was limited compared to punctured discs. Following
the third hypothesis, the absence of interactions between pre- and post endurance
testing implied that 864,000 load cycles did not reduce the strength of glued discs
more than controls, indicating the glue did not detach. In fact, the relative increase
in endplate fractures in the glue group might even indicate increased disc strength
with prolonged curing of the glue, similar to in vitro tests. However, whether the
herniation risk is adequately reduced for clinical application, should be verified by
applying more strenuous endurance tests that herniate all punctured discs.
The application of the glue to an unmodified tissue surface is fast and clinically
feasible. However, priming the annulus tissue may increase adhesiveness and
thereby closure results of the glue. Furthermore, we used a worst-case scenario with
a large (2.4mm) needle to set a reproducible annular defect. For smaller punctures
following cell or gel injection into the nucleus, the glue will predominantly act as
a sealant rather than a structurally functional part of the annulus. We hypothesize
that the glue will perform better when surface modification or smaller punctures
are used; however, this merits further investigation.
Caprine intervertebral discs were used because they show biomechanical
similarities to human intervertebral discs, and have been used in in vivo and ex vivo
models for intervertebral disc degeneration17,19,20. Overall, results are comparable
to experiments with entire caprine motion segments indicating that sawing close
to the endplate and removing posterior elements did not influence strength12. In
control discs, despite correction for size, differences as much as 300% were found.
This predominantly inter-animal difference was taken into account by using GEE
statistics.
A limitation of the current study is that culturing on PBS does not yield valuable
cell viability data. However, initial pilot experiments were infected after discs were
extracted for intervention, which would have reduced the value of the experiment.
Hence our choice for a pure biomechanical evaluation only. A large limitation of this
biomechanical study on glue effects is that although the loading regime is highly
controlled, the long-term effects of annulus closure with a glue, beyond 10 days,
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in particular degradation of the glue, cannot be evaluated with the present set-up.
Both limitations can only be adequately evaluated in a long-term in vivo study.
Strength and biodegradability could be additional design criteria for annulus
closure with a glue. Strength because short-term high loads frequently occur in
daily life, and biodegradability because glues will otherwise remain in situ for
extended periods of time. This is unwanted since the long-term chemical stability
cannot be guaranteed, and the biomechanical environment changes with aging,
which will change the demands for glue characteristics. Meanwhile, the current
experimental set-up of biomechanical tests combined with bioreactors reduces the
use of laboratory animals by pinpointing high-potential therapeutics.

Conclusion
A biodegradable HDI-TMC1-PEG400-TMC1-HDI tissue glue partially restores annulus
integrity after puncture. It increases the force at which nucleus protrusion through
an annulus puncture occurs, and it limits the number of herniations during
ambulatory loading and ultimate strength tests. The method presented here is a
low-cost assessment method for annulus repair strategies. However, the clinical
efficacy needs to be further evaluated in a long-term in vivo animal study.
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Introduction
This supplement covers the synthesis process of a HDI-TMC1-PEG400-TMC1-HDI
tissue glue, its chemical structure, biomechanical network properties and lap-shear
adhesion tests of the glue to annulus fibrosus tissue. The original article covers
strength and endurance testing of this glue for the closure of an annulus defect.

Materials and Methods
Materials
Polyethylene glycol (PEG), Mn = 400 g/mol and stannous octoate (tin
2-ethylhexanoate, SnOct2) were purchased from Sigma-Aldrich (The Netherlands).
Trimethylene carbonate (TMC) was ordered from ForYou (China). Hexamethylene
diisocyanate (HDI) was purchased from Merck Schuchardt (Germany). Diethyl ether
was purchased from Biosolve (Netherlands) and dried over molecular sieves before
use.
Synthesis
Reactive isocyanate-terminated oligomers were synthesized in as described1.
Briefly, oligomers were synthesized in the ring opening polymerization of TMC
with PEG used as initiator and subsequently they were end-functionalized with HDI.
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In the first step, PEG (20g, 0.05 mol) was reacted with TMC (10.2g, 0.1 mol) in
a presence of catalyst Sn(Oct)2 (0.02 mmol/mol of monomer). The reaction was
allowed to proceed at 130°C for 3 days under argon. As a result, the oligomer
TMC1-PEG400-TMC1 was obtained. In the second step, HDI (5.5mL, 0.034 mol) was
placed in a flask under the flow of argon. Then the oligomer TMC1-PEG400-TMC1
(10g, 0.0165 mol) was added drop-wise to the flask. The reaction was allowed to
proceed at 75°C for 8 hours. The excess of unreacted HDI was removed by washing
with dry, cold diethyl ether, and subsequently the resulting product: HDI-TMC1PEG400-TMC1-HDI was dried under vacuum and stored at -20°C before use.
Characterization of the oligomers and networks
The chemical structure and molecular mass (Mn) of the oligomers were evaluated
with 1H NMR spectroscopy (Bruker 400MHz NMR spectrometer) using CDCl3 as the
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solvent. Network formation and both physical and mechanical characterization of
the networks was done according to the protocol already described previously1.
Briefly, cross-linked network films were obtained by casting isocyanate-terminated
oligomer (glue) on a glass and reacting it with water. Subsequently, discs of 10mm
diameter and approximately 0.4mm thick were punched out from the film and used
to measure gel content after extraction in chloroform (GC) and the water uptake
(WU), using formulas:

and
Where md is a mass of a sample dried in the vacuum oven after incubation for 24
hours in chloroform, mi is initial mass of a sample, and mww is a mass of a wet
sample after incubation in water.
Mechanical tensile test
Dumbell-shaped pieces of the films were cut and subjected to mechanical tensile
test according to ISO 37: 1994 E, Type 3 using Zwick Universal Testing Machine.
Elastic modulus (E), tensile strength (σ) and elongation at maximum force (δ) were
determined of the samples in a dry and wet state (Figure 1).

VII
Cured network
Figure 1. Mechanical tensile testing of the cured network

Lap shear adhesion test to annulus fibrosus tissue
Lap shear adhesion test was performed using bovine annulus fibrosus tissue. The
tissue was cut in strips of approx. 10 x 20 mm and the glue was applied. The glue
covered an average area of 150 mm2 on each piece of the tissue, then the two strips
were manually pressed together, immersed in demi-water and left overnight at RT
to allow curing and formation of the network (Figure 2).
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Annulus fibrosus tissue strips

Tissue adhesive
Figure 2. Lap shear adhesion test to annulus fibrosus tissue

To determine the adhesion strength, the wet specimens were subjected to a lap
shear adhesion test analogous to ASTM F2255-05 standard using a Zwick Z020
universal tensile tester. The grip to grip separation was 20mm and the crosshead
speed 50mm/min. The shear adhesive bond strength expressed in kPa is the
maximum shear force divided by the glued area. The measurement was performed
in triplicate.

Results
We have successfully synthesized isocyanate-terminated reactive copolymers based
on PEG and TMC. In the first step, copolymers composed of PEG and 1 unit of TMC
per arm of PEG were obtained in the ring opening polymerization. Subsequently,
these oligomers were end-functionalized with HDI. The degree of conversion of
TMC and number average molecular weight of the oligomer (Mn) were calculated
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by comparing the area of the peak of methylene groups belonging to PEG at 3.6-3.8
ppm with area of the peaks at 4.1 and 2.1 ppm corresponding to TMC in the 1H
NMR spectra. and were found to be 97% and 602 g/mol, respectively. The extent of
the functionalization of the oligomer with HDI was 98%.
The network was formed upon reacting thin film of reactive oligomer (glue) with
excess of water. The gel content of the network was 98%, confirming successful
functionalization of the oligomers with HDI, and subsequent crosslinking and
network formation. The water uptake of the network was 35% indicating its
hydrophilic character, which is essential to provide good wetting and spreading of
the glue on the wet surface of the tissue. However, at the same time, upon curing,
it should create strong solid network able to withstand forces present on the site
of application.
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Mechanical properties of the networks both in wet and dry state were assessed in
a mechanical tensile test. Elastic modulus (E), tensile strength (σ) and elongation at
maximum force (δ) were determined. The results are summarized in the Table 1.
PEG400-(TMC-HDI)2 network

E (MPa)

σ (MPa)

δ (%)

Wet

31.5 ± 3.9

4.6 ± 1.0

133.3 ± 54.5

Dry

70.4 ± 7.3

10.1 ± 1.9

161.2 ± 49.0

Table 1. Tensile properties of the water-cured PEG400-(TMC-HDI)2 network in the wet and in the dry state.

The results of the lap shear adhesion test showed that the adhesive strength to
bovine annulus fibrosus tissue was in the range of 11-20 kPa.

Discussion
The elastic modulus of the cured glue is in the same range of values as that of
annulus fibrosus tissue2,3. The difference in properties between networks in the dry
and wet state is clear. The material is more stiff (higher modulus) and the network
is more resistant to breaking in the dry state, showing significant influence of
taking up water. The 11-20 kPa result of the lap shear adhesion test is 2 times
better than adhesion to annulus fibrosus of clinically used fibrin glue to annulus
fibrosus4. Therefore, the mechanical properties of the glue seem appropriate for
annulus fibrosus repair.
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Aims
The main function of the intervertebral disc is to transfer the mechanical loads of
the spine. However, few studies have investigated the —predominant— long-term
axial biomechanical behaviour of the intervertebral disc. The recent development
of axially loaded bioreactors for the intervertebral disc allows the study of this
behaviour, in particular diurnal loading. In this thesis, we firstly aimed to assess
normal long-term axial biomechanical behaviour of the intervertebral disc in dynamic
equilibrium, and the determinants thereof. Secondly, the effects of degeneration
and subsequent water loss on long-term axial intervertebral disc biomechanics
were investigated. Within this PhD project, a total of six studies were performed,
with the following specific aims:
1.

To develop a comprehensive disease model for intervertebral disc degeneration
(Chapter II).

2.

To assess the role of intradiscal pressure in the normal biomechanical
behaviour of the intervertebral disc in dynamic axial compression (Chapter III).

3.

To assess fluid in- and outflow from the intervertebral disc under long-term
axial compression (Chapter IV).

4.

To assess the role of swelling pressure in the long-term biomechanical
behaviour of the intervertebral disc in dynamic axial compression (Chapter V).

5.

To assess how degeneration of the human intervertebral disc affects longterm biomechanical behaviour in dynamic axial compression (Chapter VI).

6.

VIII

To assess the strength and endurance of a biodegradable glue developed for
annulus closure after needle puncture (Chapter VII).
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Summary
1. To develop a comprehensive disease model for intervertebral disc degeneration.
The degenerative circle (Figure 1), described in chapter II, provides a comprehensive
model for a contemporary view on intervertebral disc degeneration. It includes a
catabolic cell response, changed extracellular matrix, and altered biomechanics.
Central to the process of degeneration is a loss in intradiscal pressure, which can
be due to damage to the extracellular matrix, matrix remodelling by the nuclear
chondrocytes, or overloading; these can all initiate the positive feedback loop. A
reduction in intradiscal pressure shifts the mechanobiological cues received by
the cells from hydrostatic stress to shear stress. This reduces the production
of proteoglycans in the nucleus pulposus, which further reduces the intradiscal
pressure. Because intradiscal pressure tensions the annulus fibres and separates
the endplates, discs with a lower intradiscal pressure have an increased neutral
zone in bending, shear, and torsion, which further increases shear stress to the
cells. Rather than just simplifying the disease, the degenerative circle also illustrates
the complexity, as all factors are interdependent, which is why intervertebral
disc degeneration has often been called multi-factorial. It resolves some of the
controversy surrounding overloading, wear and tear, and cellular physiology
by pointing out their interdependency and that all can initiate the degenerative
process. In addition, the model explains some of the human epidemiology and
the efficacy of animal models. Because all factors are interrelated, it is hard to halt
or reverse intervertebral disc degeneration. While investigating the processes that
are described in intervertebral disc degeneration, we found that many questions
remained on the relationship between extracellular matrix function and axial
biomechanical behaviour, which is why this is the focus of the remainder of this
thesis.
2. To assess the role of intradiscal pressure in the axial biomechanical behaviour
of the intervertebral disc in dynamic compression.
Adequate intradiscal pressure is essential for providing an anabolic mechanobiological
environment to the cells. However, intradiscal pressure is a dynamic stimulus,
which depends on the amount of axial loading. Previous research has shown a
linear relationship between axial loading and intradiscal pressure1,2; however,
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Figure 1. The degenerative circle of intervertebral disc degeneration.

there were also observations of a change in intradiscal pressure under similar
loading over time3. In chapter III we continuously measured intradiscal pressure in
caprine intervertebral discs under alternating levels of dynamic axial compression
for 4.5 hours. After an instantaneous rise in disc pressure upon loading, sustained
loading resulted in a marked decrease in intradiscal pressure and disc height, and
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an increase in compressive stiffness. Reversely, after an instantaneous drop in
disc pressure upon releasing external compression, sustained unloading resulted
in increased intradiscal pressure and disc height, but had only a limited effect
on compressive stiffness. These effects of loading and unloading are due to the
poro-elasticity of the intervertebral disc (i.e. fluid flow): axial loading induces fluid
outflow, and unloading induces fluid inflow. The volume of water that is bound in
the intervertebral disc determines the intradiscal pressure when no external load
is applied. Therefore, intradiscal pressure is in part determined by the loading
history of the disc, rather than by the actual load alone. Additionally, the changes
in intradiscal pressure were highly correlated to the changes in disc height and
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moderately correlated to the changes in compressive stiffness, which suggests that
intradiscal pressure is essential in maintaining disc height and axial compliance.
We concluded that under sustained axial loading or unloading, intradiscal pressure,
disc height and compressive stiffness change with fluid in- or outflow; therefore,
fluid in- and outflow under axial compression was further investigated in chapter
IV.
3. To assess fluid in- and outflow from the intervertebral disc under long-term
axial compression.
Diurnal disc height changes due to fluid in- and outflow are balanced even though
daytime spinal loading is twice as long as night time rest. A direction-dependent
permeability of the endplates, favouring inflow over outflow, has been proposed to
explain this; however, fluid also flows through the annulus fibrosus. In chapter IV,
we investigated the poro-elastic behaviour of entire caprine intervertebral discs in
the context of diurnal fluid flow. After equilibrating under different levels of axial
compression, we modulated the swelling pressure of caprine intervertebral discs by
replacing saline for demi-water and back again to saline, both for 24h intervals. We
measured the disc height creep and used stretched exponential models to determine
the respective time constants. Reduction of culture medium osmolality induced
an increase in disc height, and the subsequent restoration induced a decrease in
disc height. Creep varied with the mechanical load applied. No direction-dependent
resistance to fluid flow was observed in intact intervertebral discs: osmotic inand outflow were of similar magnitude. In addition, time constants for mechanical
preloading were much shorter than for osmotic loading and unloading, suggesting
that in vivo outflow is faster than inflow. However, a time constant does not describe
the actual rate of fluid flow; close to equilibrium fluid flow is slower than far from
equilibrium. As time constants for mechanical loading are shorter and daytime
loading is twice as long, the system is closer to the loading equilibrium than to the
unloading equilibrium. Therefore, paradoxically, fluid inflow is faster during the
night than fluid outflow during the day. Because the swelling pressure generated
by the discs’ proteoglycans determines the loading and unloading equilibrium,
we further investigated the effect of reduced swelling pressure on dynamic axial
intervertebral disc biomechanics in chapter V.
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4. To assess the role of swelling pressure in the long-term biomechanical
behaviour of the intervertebral disc in dynamic axial compression.
Fluid inflow increases intradiscal pressure, and is determined by the disc’s swelling
pressure; therefore, we investigated the effect of reduced swelling pressure on
the long-term dynamic axial biomechanical behaviour of the intervertebral disc. A
reduction of swelling pressure could have been achieved through nucleotomy or
chemonucleolysis; however, this would have damaged the integrity of the annulus
fibrosus or the cartilage endplates. Therefore, in chapter V we increased medium
osmolality to simulate a reduction in swelling pressure of the caprine intervertebral
disc for a total of six days. We found that a reduction in swelling pressure of the
nucleus pulposus attenuated axial creep behaviour in the intervertebral disc. In
intervertebral discs with a high swelling pressure: water content is higher, disc
height and daily creep are larger, and recovery after loading is faster, in other
words, intervertebral disc behaviour is more dynamic. By contrast, axial compressive
stiffness is not influenced nearly as much by water content. We conclude that
swelling pressure appears to be essential in normal axial intervertebral disc
biomechanics.
5. To assess how degeneration of the human intervertebral disc affects long-term
biomechanical behaviour in dynamic axial compression.
Because swelling pressure is essential in physiological axial biomechanical
behaviour of the intervertebral disc, a reduction of proteoglycans as seen in
intervertebral disc degeneration presumably changes the axial biomechanics. In
order to investigate the effect of degeneration on dynamic axial biomechanics, we
subjected human intervertebral discs of different stages of degeneration to ten days
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of loading and unloading in chapter VI. After six daily loading-unloading cycles,
the intervertebral discs reached a dynamic equilibrium. In dynamic equilibrium,
there was a loss of poro-elastic behaviour with increasing degeneration, similar
to chapter V: there was a reduction in daily subsidence and rate of recovery.
Additionally, compressive stiffness was increased and time constants for recovery
were reduced with progressive degradation of the intervertebral disc. Furthermore,
we found that the widely used Pfirrmann Score, which grades T2-weighted MRI
images, is not a strong predictor of the axial biomechanical properties of IVDs.
Finally, the ratio between proteoglycan content and collagen content (GAG/HYP
ratio) in the nucleus showed stronger relations to disc biomechanics than solely the
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proteoglycan content, indicating that it is the remodelling of the intervertebral disc
that has the largest effect on axial biomechanics.
6. To assess the strength and endurance of a biodegradable glue developed for
annulus closure after needle puncture.
For the regeneration of the intervertebral disc, numerous strategies involving the
injection of therapeutic agents into the nucleus are being developed. However,
a bottleneck in the chain of innovation is the damage that occurs in the annulus
fibrosus upon injection. In chapter VII we used a bioreactor for intervertebral
discs to evaluate a biodegradable glue for the closure of annulus punctures. We
performed ultimate strength tests before and after 860,000 cycles of dynamic
endurance loading to evaluate strength and endurance of the glue in the closure of
critical sized defects in goat intervertebral discs. We conclude that a biodegradable
HDI-TMC1-PEG400-TMC1-HDI tissue glue partially restores annulus integrity after
puncture. It increases the force at which nucleus protrusion through an annulus
puncture occurs, and it limits the number of nucleus herniations during ambulatory
loading and ultimate strength tests. The method presented here is a low-cost
assessment method for annulus repair strategies. Furthermore, the method could
be transferred to the testing of nucleus implants, also without the use of laboratory
animals. Although pre-screening therapeutic interventions is feasible in ex vivo
culture systems, the clinical efficacy needs to be further evaluated in a long-term
in vivo animal study.

Discussion
When we consider the degenerative circle (Figure 1), the studies in this thesis
have investigated the relationship between extracellular matrix and biomechanical
function. Although this has previously been established for function in bending,
torsion and shear4–6, this is novel for axial loading, especially long-term diurnal
loading until a dynamic equilibrium is reached. We have shown that the reduction
of swelling pressure changes the dynamic behaviour of the intervertebral disc
substantially. Discs show less daily creep, slower subsidence and recovery and a
marginal increase in compressive stiffness with reduced swelling pressure. One can
imagine this is like a soccer ball that is not fully inflated: it is flattened, does not
bounce, and when you put compression on it, it predominantly widens. It is this
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widening of the soccer ball that nuclear chondrocytes experience as shear stress7.
Furthermore, results indicate that a reduction in swelling pressure reduces the
water content and subsequently the intradiscal pressure of the intervertebral disc;
this also leads to a shift from hydrostatic pressure to shear stress. The results of
this thesis further substantiate the degenerative circle as a model for intervertebral
disc degeneration.
Although the number of studies on long-term axial loading of the intervertebral
disc is limited in literature, the results of the studies in this thesis concur with
previous knowledge on intervertebral disc biomechanical function in relation to
matrix composition. Following the hypotheses of Urban et al. in the 1980s8–11,
the swelling pressure of the intervertebral disc is mainly responsible for attracting
water. Moreover, they already hypothesized that the swelling pressure would be
the main determinant of the disc’s biomechanical function11, but lacked the means
to substantiate this, because disc culture systems had not yet been developed.
Furthermore, the results of this thesis align with previous observations in vivo
that the overnight attraction of water increases intradiscal pressure3,12, and
increases disc height13–15. The changes of the disc’s function with progression of
degeneration also concur with previous observations in the literature: a reduction
of proteoglycan content reduces swelling pressure11, and intradiscal pressure is
reduced with progressive degeneration16,17. Additionally, a reduction in intradiscal
pressure was found to reduce disc height18, and finally water content of the
intervertebral disc is markedly reduced in correlation with a loss of proteoglycans19.
Therefore, the novelty of this thesis is not the establishment of the relationship
between extracellular matrix composition and biomechanical function, but rather
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the description of how this biomechanical function is affected by, and how these
changes in biomechanical behaviour might lead to a progression in, intervertebral
disc degeneration. Furthermore, it is novel to investigate the axial behaviour of
the intervertebral disc over days and even weeks, allowing the disc to come into
dynamic equilibrium, which is necessary to obtain relevant measures.
For the study of axial biomechanical behaviour or changes thereof, our results clearly
indicate that experiments should be performed in dynamic and preferably diurnal
equilibrium. Then, overall changes in disc height, rate of disc height creep, and
amount of disc height creep are determinants of healthy intervertebral disc function
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and/or swelling pressure (Chapters V, VI). Axial compressive stiffness, in contrast
to stiffness in torsion, bending and shear4, was not related to swelling pressure
(Chapter V) and only moderately related to MRI degeneration scores (Chapter VI)
and intradiscal pressure changes (Chapter III). Interestingly, compressive stiffness
had a much stronger relation to compressive load than to changes in water content
(Chapter IV), which could be a source of bias when discs are not in equilibrium or
correction for disc size is inadequate. As such, daily creep measurements could
be used as measurement tools when evaluating future regenerative therapies,
especially for gels and implants aimed at nucleus regeneration. In line with this
recommendation, we suggest that compressive stiffness should not be used as the
single biomechanical parameter in the evaluation of future therapies.
Considerations for the use of the Loaded Disc Culture System
The loaded disc culture system (LDCS) was previously designed and validated for
cell culture20,21, but the data from the registration of biomechanical parameters
was mostly unused. In the LDCS, the load and displacement data are continuously
registered, and digitized at 100Hz. Custom Matlab programs were used to evaluate
these data. This way we were able to monitor the biomechanical behaviour in a
continuous manner, and include all the relevant data in our analyses. In order to
allow for the monitoring of normal biomechanical response, loading was always
performed with discs fully submerged in culture fluids considering the dependency
of the intervertebral disc on hydration to fulfil its mechanical function.
Intervertebral discs used in this study were all acquired from fresh or frozen caprine
spines, except for the human discs in chapter VI. Previously, it has been established
that the quadruped spine experiences predominantly axial loads22, similar to the
human spine23. Furthermore, the caprine intervertebral disc is comparable to the
human disc in terms of size and shape and contains no notochordal cells . The lack
24

25

of notochordal cells, although not important for the works included in this thesis,
is essential for the study of degeneration or regeneration of the intervertebral disc,
as they have a large regenerative potential. The use of fresh intervertebral discs is
of course optimal; however, for the evaluation of biomechanical parameters, frozen
specimens are also adequate26–28.
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The simulated physiological loading regime applied throughout this thesis is based
on the results of Paul et al.20,21, which showed that cell viability and gene expression
were maintained for three weeks under this loading regime. It was established
based on a previous pilot study with a spinal cage with a strain gauge inserted
between two vertebra for 24h measuring the spinal loads29. That experiment
showed that the average loads on a single spinal motion segment were around
130N for daytime activity, and around 50N for day- and night-time rest. We verified
this in chapter III, where intradiscal pressures generated under these loads were
found to be within the physiological range of the ovine species12. In the previous
studies by Paul et al. loading protocols showed the maintenance of cell viability up
to three weeks under these loads, indicating they are not overtly catabolic.
Limitations of the Loaded Disc Culture System
In the studies described in this thesis, we only applied axial compression, while the
intervertebral disc is also subjected to torsion, bending, and shear. This was done
because the predominant loading on the intervertebral disc is axial22,23. Because of
the small amount of stress generated, these other movements are not simulated
in the LDCS. Primarily, the effect of adding these movements to the simulated
physiological loading regime is that they will generate increased intradiscal
pressure30,31. This will lead to faster loss of water from the intervertebral disc,
and a subsequent reduction in disc height. Therefore, it could be considered as
an ‘overloading’ situation if axial load is combined with torsion, bending or shear
for prolonged periods of time. Furthermore, we should consider coupled motions,
which are present in a spine with posterior elements and ligaments intact32;
however, it is unknown if these are also present in individual intervertebral discs.
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If coupled motions are present in isolated intervertebral discs, hypothetically,
these motions represent an efficient energetic state, and would therefore not lead
to a synergistic increase in intradiscal pressure, but rather reduce the effect of
individual movement directions on intradiscal pressure.
A further limitation in the studies described in this thesis, is that although studies
are performed in a loaded disc culture system, no data on cell-viability or gene
expression is reported. This is mainly due to the fact that combining cell culture
with reproducible biomechanical data is a challenge. Refreshing of culture medium
disturbs loading and/or hydration of the intervertebral discs. Unfortunately, these
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small disturbances propagate through the data, like wrinkles in a pond, which
makes it difficult to discern the effect of medium refreshing from the effects
of interventions. Since we were primarily interested in the changes in axial
biomechanics we have chosen for pure biomechanical evaluation in the studies
described. Conversely, when leaving the biomechanical loading intact, medium
refreshing inside the incubator greatly increased the chances of infection, also
limiting the value of cell-viability data. Future improvements to the system could
be an automated medium refreshing system that reduces the need of handling the
culture chambers upon medium refreshing, which should limit the disturbance to
the loading protocol and subsequent registration of biomechanical parameters.
The studies in this thesis were limited by a lack of foregoing data on long-term
axial biomechanics; therefore, it was hard to generate specific hypotheses a
priori, and a more exploratory approach was often used. This abandon of the true
scientific method of — hypothesis – experiment – result – evaluation — may have
led to selection bias, as results that are more obvious receive more attention than
subtleties. Although we feel that we have generated reasonable hypotheses for
the observations, the role of swelling pressure in disc biomechanics should next
be studied from a more fundamental physiochemical perspective to validate our
observation that swelling pressure and subsequent disc hydration dictate longterm axial biomechanical behaviour of the intervertebral disc.

Future directions
When considering intervertebral disc degeneration, researchers and clinicians are
usually focussed on the changes that occur within their respective sub-specialty.
The disease model we have presented, the degenerative circle (Chapter II), partially
advises against this focus, because disc degeneration should be studied in the
broad context of cells, extracellular matrix, and biomechanics. In this context,
ex vivo culture systems hold a potential for the investigation of intervertebral
disc degeneration and regeneration, as they allow simultaneous study of cellular
behaviour20,21,33,34, extracellular matrix remodelling20,21,35, and axial biomechanical
behaviour (this thesis). However, to further understand the progression, origin,
and differences in origin of intervertebral disc degeneration, longitudinal studies
in either animal models or humans that are at risk of developing intervertebral disc

General Discussion

195

VIII

degeneration should be performed. Only then can we fully understand the timing
and order of changes that occur in intervertebral disc degeneration, and identify
possible targets for regenerative therapies.
Fundamental investigation of the disc’s swelling pressure and fluid flow
Due to the role of swelling pressure in axial intervertebral disc biomechanics, this
can be considered a primary aim for regenerative therapies. With restoration of the
swelling pressure and subsequent intradiscal pressure, an increase in disc height
and annulus tension is to be expected36. The increase in disc height will alleviate
stress from the posterior elements37, which are considered to be an origin for low
back pain37,38. Additionally, the increase in annulus tension will reduce the neutral
zone in bending, torsion and shear4,39, restoring the passive stability of the spine40.
Whether or not additional annulus strengthening is necessary when swelling
pressure is increased merits further investigation; however, the observation that
annulus strength in tension is not reduced with degeneration41 indicates that
regenerative therapies might only need to focus on restoration of swelling pressure.
Additionally, when considering swelling pressure, measuring only the nucleus’
proteoglycan concentration (µg/mg dry-weight) is probably not sufficient. The
relative volume of the nucleus in relation to the entire intervertebral disc, together
with the annulus’ proteoglycan concentration and volume are also relevant. Then,
one can investigate the total swelling potential of the entire intervertebral disc,
which is possibly of greater value than the concentration of proteoglycans in the
nucleus alone. To our knowledge, no studies have considered the intervertebral
disc from the perspective of total swelling capacity, so this hypothesis should be
verified in future research.
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If we consider the restoration of swelling pressure essential for the regeneration
of the intervertebral disc, we need to further define and quantify swelling
pressure. The current definition of Urban et al.11: “Swelling pressure is equal to
the compressive pressure that needs to be applied for the tissue to maintain its
current state of hydration” may not be sufficient as it defines swelling pressure
as a variable potential energy rather than a tissue property. Therefore, measuring
the intervertebral disc’s ‘swelling capacity’ is probably better, especially when we
can relate it to actual tissue properties. Because swelling pressure is affected by:
the force applied; the environment of the intervertebral disc; and the time that
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the force has been applied, we need to control these three measures if we want to
objectively measure swelling capacity. Although an extensive design of a testing
apparatus for the determination of swelling capacity lies outside the scope of this
thesis, we hypothesize that changing one of the three dependent variables while
controlling the other two could give an indication of swelling capacity, especially
if alternatingly changing one of the three variables. In line with the further
investigation of swelling capacity of the intervertebral disc, the effect of nucleus,
annulus and endplate permeability on intervertebral disc biomechanics merits
further investigation because it changes with degeneration42–44 and could influence
fluid flow dramatically.
Because fluid flow is an important measure in biomechanical behaviour of the
intervertebral disc, the distinction between nutrient diffusion and interstitial fluid
flow is important to make in future studies on intervertebral disc degeneration and
regeneration45. That there is a distinction has been shown because rinsing of the
vertebral endplates is essential in maintaining cell viability in ex vivo intervertebral
disc culture46,47, but the effects of endplate closure on axial biomechanics are
limited48,49. Unfortunately, this distinction is often overlooked or under appreciated,
and nutrient diffusion and fluid flow are often mentioned synonymously (Chapter
IV). Further research elucidating the differences between these two fundamental
issues in intervertebral disc physiology is therefore needed, especially if we also
want to consider tissue regeneration.
Designing and testing regenerative therapies
Current visions for the regeneration of the intervertebral disc include the injection
of cells into the intervertebral disc that will produce proteoglycans; however, this
vision has remained elusive until now50. This might be because cells are injected
in a catabolic mechanobiological environment with low intradiscal pressure and
high shear stresses. Carriers to inject stem cells are now predominantly aimed at
maintaining cell viability in vitro rather than restoring normal intervertebral disc
biomechanics and subsequent mechanobiological environment. Therefore, we
would infer the use of a highly hydrophilic carrier material, which mimics the swelling
capacity of healthy aggrecan. Then normal biomechanics could be restored, and
injected cells will have an anabolic environment in which to reside. Alternatively,
only injection/implantation of a nucleus analogue, without the additional loading
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with cells, might be sufficient to alleviate symptoms associated with degenerative
disc disease.
When considering regenerative therapies for intervertebral disc regeneration,
pre-screening in bioreactors provides a fast, low-cost proof of concept. As such,
bioreactor pre-screening could or should become standard scientific practice if
we want to reduce, replace, and refine laboratory animal use. However, it must be
noted that in vivo large animal experimentation cannot be totally replaced with
current bioreactor technologies, in particular regarding inflammation and infection
and long term (months or years) behaviour. Furthermore, bioreactors need to be
upgraded from the current laboratory-grade to production-grade, to limit technical
failures and increase reproducibility of data. Therefore, to solidly establish
bioreactor technology for the reduction, replacement and refinement of laboratory
use, a standardized production-grade bioreactor, and a standardized loading
protocol are needed to compare and evaluate different strategies for intervertebral
disc regeneration. Preferably, this bioreactor and these loading protocols should be
established as a testing standard (e.g. ASTM or ISO), to allow comparisons between
institutions. Then, innovative therapies can be investigated in rapid succession in
an international context.
Clinical implications
The relationship between degenerative disc disease and low back pain is not oneon-one. This may in part be due to the fact that MRI techniques, which are often
used to grade degeneration, are only moderately related to the biomechanical
function of the intervertebral disc (Chapter VI). Furthermore, the research into the
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relationship between low back pain and intervertebral disc degeneration is limited
by the validation of MRI grading. Grading techniques that are more closely related
to extracellular matrix components (i.e. proteoglycan content) such as MRI T2*
mapping5,6,51 or T1rho mapping52,53, may have a larger potential in pinpointing
the low back pain specific changes in intervertebral disc degeneration. However,
these techniques may also be influenced by daily fluctuations in water content15, so
the time of day for evaluation of degeneration should be standardised, especially
in the investigation of early disc degeneration where changes are more subtle.
We would suggest performing studies in the morning: healthier discs will show
increased recovery during the night, and reduced loss during the first hour of
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rising, which leads to a higher water content than degenerated discs. Then, it
might be possible that the ‘health’ or the biomechanical function of the disc is
more accurately assessed, which is presumably better related to low back pain than
current morphological grading.
Because the relationship between degeneration of the intervertebral disc and low
back pain is not one-on-one, making recommendations for clinical practise from
these fundamental studies is premature; however, some interesting inferences can
be made. Firstly, it appears that especially sustained loading of the intervertebral
disc reduces intradiscal pressure and disc height (Chapter III, IV). This can be
countered by periods of unloading, in which the intervertebral disc rapidly imbibes
water. When unloading periods are included, intradiscal pressure may be maintained
within the anabolic range. Unfortunately, this anabolic range is not totally clear yet:
around 0.3MPa human nuclear chondrocytes produce proteoglycans54 and limited
amount of matrix degrading enzymes55, but probably this pressure range runs up
to 1.2MPa, as we have seen that in the simulated physiological loading regime of
Paul et al.20,21 these pressures had an anabolic effect on goat intervertebral discs.
Nonetheless, this data suffers from the limitation that these are goat intervertebral
discs, which might differ slightly from human intervertebral discs in their optimum
range of intradiscal pressure. Therefore, further research pinpointing the optimum
range of intradiscal pressures for human nuclear chondrocytes is necessary to give
recommendations on anabolic loading in vivo.

Conclusions
Intradiscal pressure is essential for normal axial biomechanics, and to provide
anabolic mechanobiological cues to the nuclear chondrocytes. This intradiscal
pressure is generated by the proteoglycans’ pre-eminent ability to attract and
bind water. This attraction of water or swelling pressure generates fluid flow into
the disc upon unloading, and is essential for the maintenance of disc height and
daily creep. With degeneration, the proteoglycans in the nucleus pulposus are lost,
swelling pressure is reduced, and intradiscal pressure dwindles. The effects of
degeneration on intervertebral disc biomechanics are thus: a loss of disc height,
and a loss of daily fluid flow or creep. Hence, monitoring of disc health from a
biomechanical perspective should include monitoring of changes in disc height,
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and in speed and volume of daily creep. Stiffness in axial compression, in contrast
to stiffness in torsion, bending and shear, proved to be a less valid parameter for
the determination of degeneration. Similarly, MRI grading techniques, although
they are often used, are only moderately related to the biomechanical function
of the intervertebral disc. Finally, evaluation of regenerative strategies can be
adequately assessed in a bioreactor prior to in vivo experiments in order to reduce
laboratory animal use, costs, and increase the speed of innovation.
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Doelen
De belangrijkste functie van de tussenwervelschijf is het overbrengen van de
mechanische belasting van wervel naar wervel. Er zijn echter maar weinig studies
die het — overwegend — axiale biomechanische gedrag van de wervelkolom over
de langetermijn hebben bestudeerd. De recente ontwikkeling van bioreactoren,
die deze axiale belasting aan kunnen brengen, stelt ons nu in staat dit gedrag te
bestuderen, met name het dag- en nachtritme. In dit proefschrift hebben we allereerst
het normale biomechanische langetermijn gedrag van de tussenwervelschijf en de
bijbehorende onderliggende eigenschappen bepaald. Ten tweede hebben we het
effect van tussenwervenschijf degeneratie en het bijbehorende verlies aan water
op het biomechanische langetermijn gedrag onderzocht. In dit promotietraject zijn
totaal zes studies uitgevoerd, met de volgende specifieke doelen:
1.

Ontwikkelen van een ziektemodel voor tussenwervelschijfdegeneratie
(Hoofdstuk II).

2.

Bepalen van de rol van intradiscale druk in het normale biomechanische
gedrag van de tussenwervelschijf (Hoofdstuk III).

3.

Bepalen van de in- en uitstroom van vloeistof in de tussenwervelschijf onder
langdurige axiale druk (Hoofdstuk IV).

4.

Bepalen van de rol van zwellingsdruk in het biomechanische langetermijn
gedrag van de tussenwervelschijf onder dynamische axiale belasting
(Hoofdstuk V).

5.

Vaststellen hoe degeneratie het biomechanische langetermijn gedrag van de
humane tussenwervelschijf, onder dynamische axiale belasting, beïnvloedt
(Hoofdstuk VI).

6.

Bepalen van de kracht en de duurzaamheid van een biologisch afbreekbare
lijm, ontwikkeld voor het sluiten van de annulus fibrosus, na het aanprikken
met een naald (Hoofdstuk VII).

A
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Resultaten
1.

Het
ontwikkelen
van
een
tussenwervelschijfdegeneratie.

overkoepelend

ziektemodel

voor

De degeneratieve cirkel (Figuur 1), zoals beschreven in hoofdstuk II, geeft het
overkoepelende model voor een hedendaagse kijk op tussenwervelschijf degeneratie.
Het model bevat een katabole celreactie, veranderde extracellulaire matrix en
aangepaste biomechanica. Centraal in het proces van tussenwervelschijfdegeneratie
staat het verlies van intradiscale druk, wat het gevolg kan zijn van schade aan de
matrix, matrix ombouw door de cellen, of overbelasting. Al deze gevolgen kunnen
een positieve terugkoppeling veroorzaken en de tussenwervelschijf daarmee in
een vicieuze cirkel doen belanden. Een afname van intradiscale druk verandert
de mechanobiologische signalering naar de cellen van hydrostatische druk naar

Matrix
Stress

Biomechanica
Hydrostatische
Druk

Schuifkrachten

Celfysiologie

Cellen
Notochordale
Cellen

Nucleaire
Chondrocyten

Anabolisme

Afname
Intradiscale
Druk

Extracellulaire
Matrix
Proteoglycanen
+
Collageen Type II

Katabolisme

A

Collageen Type I

Figuur 1. De degenerative cirkel, een model voor tussenwervelschijf degeneratie.
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schuifkrachten. Dit heeft als effect dat de productie van proteoglycanen in de nucleus
verminderd, wat de intradiscale druk verder doet afnemen. Tussenwervelschijven
met een lage intradiscale druk hebben een vergrote neutrale zone in buigen,
schuiven en torsie, omdat de intradiscale druk de annulus vezels onder spanning
brengt en de eindplaten uit elkaar duwt. De vergroting van de neutrale zone doet de
schuifkrachten in de nucleus nog verder toenemen. Alhoewel de degeneratieve cirkel
tussenwervelschijfdegeneratie simplificeert, illustreert het ook de complexiteit van
het ziektebeeld, omdat alle factoren van elkaar afhankelijk zijn. Hierdoor wordt
tussenwervelschijfdegeneratie vaak multifactorieel genoemd. Omdat biomechanica,
celfysiologie en de extracellulaire matrix van elkaar afhankelijk zijn, is het lastig
om het proces van degeneratie te stoppen of om te draaien. De degeneratieve
cirkel verklaard een deel van de controverse rondom de bijdrage van overbelasting,
schade-accumulatie en celfysiologie aan tussenwervelschijfdegeneratie door een
afhankelijkheid van elkaar te benadrukken en omdat alle genoemde factoren het
degeneratieve proces kunnen initiëren. Het model verklaart ook een deel van de
humane epidemiologie en de werking van diermodellen. Bij het onderzoeken van de
processen die een rol spelen in tussenwervelschijf degeneratie werd duidelijk dat
er nog veel onbeantwoorde vragen zijn over de relatie tussen extracellulaire matrix
en axiaal biomechanisch gedrag, zodoende is dit de focus van dit proefschrift.
2.

Het bepalen van de rol van intradiscale druk in het normale biomechanische
gedrag van de tussenwervelschijf.

Afdoende intradiscale druk is essentieel voor de anabole mechanobiologische
stimulatie van de cellen in de tussenwervelschijf.

Echter, intradiscale druk is

een dynamische stimulus, welke afhankelijk is van de axiale belasting van de
tussenwervelschijf. Eerder onderzoek heeft laten zien dat de relatie tussen
axiale druk en intradiscale druk linear is1,2. Er zijn echter ook studies die, bij
gelijkblijvende axiale druk, een verandering in intradiscale druk laten zien over de
tijd3. In hoofdstuk III hebben we de intradiscale druk in geiten tussenwervelschijven

A

continu gemeten onder dynamische axiale belasting en ontlasting voor 4,5 uur.
Nadat er een initiële toename was van de intradiscale druk bij het belasten, nam
bij langdurige belasting de intradiscale druk en de discushoogte af, en was er
een toename in compressiestijfheid. Omgekeerd was er bij ontlasting initieel
een afname van de intradiscale druk, maar bij langdurige ontlasting nam de
intradiscale druk en discushoogte langzaam toe. Ontlasten had een beperkt effect
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op de compressiestijfheid. Deze effecten van belasten en ontlasten zijn toe te
schrijven aan de poro-elasticiteit van de tussenwervelschijf (i.e. vloeistofstroom):
axiale belasting drukt vloeistof uit de tussenwervelschijf, en bij ontlasting stroomt
vloeistof de tussenwervelschijf in. Het volume van water wat gebonden is in de
tussenwervelschijf bepaalt de intradiscale druk wanneer er geen axiale belasting is.
Hierdoor is intradiscale druk gedeeltelijk bepaald door de voorgaande belasting van
de tussenwervelschijf (belastingshistorie), en niet enkel door de actuele belasting.
Daarnaast waren de veranderingen in intradiscale druk zeer goed gecorreleerd aan
de veranderingen in discushoogte en redelijk gecorreleerd aan de veranderingen
in compressiestijfheid, wat suggereert dat intradiscale druk essentieel is voor de
discushoogte en de axiale compliantie. Wij concluderen dat onder langdurige axiale
belasting zowel intradiscale druk, als ook discushoogte en compressiestijfheid
veranderen met vloeistof in- of uitstroom uit de discus, daarom hebben we vloeistof
in- en uitstroom verder onderzocht in hoofdstuk IV.
3.

Het bepalen van de vloeistof in- en uitstroom in de tussenwervelschijf onder
langdurige axiale belasting.

De discushoogte verandert over de tijd volgens een dag-nachtritme. Deze
veranderingen zijn in balans, ook al is de tijd voor belasten gedurende de dag
twee keer zo lang als de tijd voor ontlasten gedurende de nacht. De huidige
hypothese is dat een richtings-afhankelijke weerstand in de eindplaat, die instroom
vergemakkelijkt ten opzichte van uitstroom, en zo de dagelijkse vloeistofstroom balanceert. Echter, vloeistof stroomt ook door de annulus fibrosus. In
hoofdstuk IV hebben we de poro-elastische eigenschappen van de volledige
tussenwervelschijven onderzocht in de context van dagelijkse vloeistof-stromen.
Om de tussenwervelschijf tot een equilibrium te laten komen onder verschillende
axiale drukken, hebben we de zwellingsdruk van de tussenwervelschijf aangepast
door het kweekmedium te vervangen van zoutoplossing naar demi-water en terug;
beide voor intervallen van 24 uur. We maten de verandering van discushoogte
onder gelijkblijvende belasting (kruip) en hebben stretched exponential modellen
gebruikt om de tijdsconstante van de kruip te beschrijven. Een afname van de
osmolaliteit van het kweekmedium veroorzaakte een toename in discushoogte,
en het herstel van de medium osmolaliteit deed de discushoogte weer afnemen
naar het eerdere niveau. De hoeveelheid kruip was afhankelijk van de hoeveelheid
druk die werd opgelegd. We zagen geen tekenen van een weerstandsafhankelijke
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vloeistofstroom in de gehele tussenwervelschijf: osmotische in- en uitstroom van
vloeistof waren even groot. Een bijkomend resultaat was dat de tijdsconstante
van de mechanische voorbelasting veel korter was dan die voor osmotische inof uitstroom van vloeistof, wat suggereert dat in vivo de uitstroom van vloeistof
sneller is dan de instroom. Een tijdsconstante beschrijft echter niet de huidige
stroomsnelheid van de vloeistof; dicht bij het equilibrium is de vloeistofstroom
langzamer dan daarvan verwijderd. De tijdsconstante voor mechanische uitstroom
is korter dan voor instroom en de tijd dat een tussenwervelschijf belast wordt is
twee keer zo lang als de tijd voor ontlasten, daarom bevindt het dagelijkse gedrag
van de tussenwervelschijf zich dichter bij het equilibrium voor belasten dan voor
ontlasten. Door het verschil in afstand tot het belastings- en ontlastingsequilibrium
is het zo dat de dagelijkse vloeistof instroom sneller is gedurende de nacht, dan de
vloeistof uitstroom gedurende de dag. Omdat de zwellingsdruk, die gegenereerd
wordt door de proteoglycanen, de discushoogte in het equilibrium bepaalt, hebben
we in hoofdstuk V het effect van verminderde zwellingsdruk op het dynamische
axiale gedrag bestudeerd.
4.

Het bepalen van de rol van zwellingsdruk in het biomechanische langetermijn
gedrag van de tussenwervelschijf onder dynamische axiale belasting.

Vloeistofinstroom doet de intradiscale druk toenemen, en is afhankelijk van de
zwellingsdruk die gegenereerd wordt door de proteoglycanen. Daarom is het
effect van een verminderde zwellingsdruk op het dynamische axiale gedrag van
de tussenwervelschijf bestudeerd. Een afname in zwellingsdruk hadden we kunnen
veroorzaken door het verwijderen van de nucleus pulposus of het chemisch
afbreken van de nucleus pulposus. We hadden hiervoor echter ook de annulus of
de eindplaten moeten beschadigen. Om dit te voorkomen hebben we in hoofdstuk
V gebruik gemaakt van een hoog osmotisch medium om een vermindering van
zwellingsdruk in de geitentussenwervelschijf te simuleren. In totaal hebben we 6
dagen gekweekt. We vonden dat een vermindering van zwellingsdruk het gedrag
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van de geitentussenwervelschijf minder dynamisch maakte. In tussenwervelschijven
met een hoge zwellingsdruk is de hoeveelheid gebonden water hoger, discushoogte
en het dagelijkse kruipgedrag is groter, en het herstel bij ontlasten is sneller. In
tegenstelling tot deze variabelen lijkt compressiestijfheid niet te worden beïnvloed
door de hoeveelheid gebonden water. Wij concluderen dat zwellingsdruk essentieel
lijkt te zijn in het normale axiale gedrag van de tussenwervelschijf.
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5.

Het bepalen hoe degeneratie het biomechanische langetermijn gedrag van de
humane tussenwervelschijf onder dynamische axiale belasting beïnvloed.

Zwellingsdruk

is
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essentieel

voor
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bij tussenwervelschijfdegeneratie, een verandering in het biomechanische
gedrag. Om het effect van degeneratie op het axiale langetermijn gedrag van
de tussenwervelschijf te onderzoeken hebben we in hoofdstuk VI humane
tussenwervelschijven van verschillende stadia van degeneratie onderworpen
aan tien dagen axiale belasting. Na zes belastings-ontlastingscycli kwamen de
tussenwervelschijven in een dynamisch equilibrium. In het dynamisch equilibrium
was er een verlies aan poro-elastisch gedrag met toegenomen degeneratie;
vergelijkbaar met de rol van zwellingsdruk in hoofdstuk V: er was een afname in
de dagelijkse inzakking en de snelheid van het herstel. Aanvullend was de axiale
stijfheid groter en was de tijdsconstante korter bij tussenwervelschijven die verder
gedegenereerd waren. Daarnaast vonden we dat de veelgebruikte Pfirrmann Score,
welke gebruik maakt van T2 gewogen MRI beelden, een matige voorspeller bleek
voor het axiale biomechanische gedrag van de tussenwervelschijf. Ten slotte, de
ratio tussen de hoeveelheid proteoglycanen en collagenen in de tussenwervelschijf
lijkt een betere voorspeller voor het axiale gedrag van de tussenwervelschijf dan
alleen de hoeveelheid proteoglycanen.
6.

Het bepalen van de kracht en de duurzaamheid van een biologisch afbreekbare
lijm, ontwikkeld voor het sluiten van de annulus fibrosus, na het aanprikken
met een naald.

Om de tussenwervelschijf te kunnen regenereren worden op dit moment
verschillende therapieën ontwikkeld waaronder enkele die een injectie in de nucleus
vereisen. Echter, een vertragende factor in de ontwikkeling van deze innovatieve
therapieën is de schade die bij injectie ontstaat aan de annulus fibrosus. In
hoofdstuk VII hebben we een bioreactor voor tussenwervelschijven gebruikt om
een biologisch afbreekbare lijm te testen voor het sluiten van de annulus fibrosus.
We hebben faaltesten gedaan om de faalsterkte te bepalen en daarnaast hebben
we een duurzaamheidsproef gedaan waarin we de tussenwervelschijf 860.000
keer cyclisch hebben belast. Wij concluderen dat een biologisch afbreekbare
HDI-TMC1- PEG400-TMC1-HDI weefsellijm de integriteit van de annulus gedeeltelijk
herstelt na punctie met een naald. Deze weefsellijm verhoogt de kracht die nodig

Algemene Samenvatting

211

A

is om de nucleus door de annulus heen te laten hernieëren, en de lijm verminderde
het aantal herniaties gedurende normale belasting en faaltesten. De methode die
hier wordt beschreven is een goedkope manier om strategieën voor het herstel van
de annulus fibrosus te testen. Deze methode zou daarnaast ook kunnen worden
gebruikt voor het testen van nucleus implantaten, ook zonder het gebruik van
proefdieren. Hoewel het screenen van therapeutische interventies mogelijk is in
bioreactoren, zal de klinische effectiviteit over de langetermijn verder geëvalueerd
moeten worden aan de hand van proefdierstudies.

Discussie
Als we de degeneratieve cirkel in ogenschouw houden, hebben de studies in dit
proefschrift de relatie tussen extracellulaire matrix en biomechanische functie
onderzocht. Hoewel dit in het verleden reeds was vastgesteld voor buig-, torsie- en
schuifgedrag4-6, is dit nieuw voor axiale belasting met name langetermijnbelasting
in een dag-nachtritme. We hebben laten zien dat een afname van de zwellingsdruk
het

dynamische

gedrag

van

de

tussenwervelschijf

significant

aantast.

Tussenwervelschijven laten minder kruipgedrag zien, langzamere inzakking en
herstel, en een marginale toename in axiale stijfheid. Men kan dit voorstellen als
een voetbal die niet helemaal opgeblazen is: hij is platter, stuitert niet goed, en als
je er op drukt, dan wordt hij voornamelijk breder. Het is dit breder worden van de
voetbal wat de nucleaire chondrocyten ervaren als schuifkrachten7. Daarnaast laten
onze resultaten zien dat een afname van de zwellingsdruk tot gevolg lijkt te hebben
dat daardoor de hoeveelheid water in de tussenwervelschijf, en daarmee ook de
intradiscale druk, afneemt. Dit leidt ook tot een verschuiving van hydrostatische
druk naar schuifkrachten. De resultaten van dit proefschrift onderstrepen dan ook
de degeneratieve cirkel als een model voor tussenwervelschijfdegeneratie.
Hoewel de hoeveelheid studies op het gebied van langetermijngedrag van de
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tussenwervelschijf onder axiale belasting beperkt is, wijken de resultaten van de
huidige studies over de relatie tussen matrixsamenstelling en axiaal biomechanisch
gedrag niet af van eerdere publicaties. De hypothese van Urban et al. uit de jaren
’808-11, dat de zwellingsdruk met name verantwoordelijk is voor de aantrekking
van water de tussenwervelschijf in, wordt onderschreven door de resultaten van
dit onderzoek. Daarnaast werd toen reeds gespeculeerd over de dominante rol
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van zwellingsdruk in het axiale biomechanisch gedrag. Echter, toen ontbraken
de experimentele opstellingen, zoals het loaded disc culture system, om die
dominante rol van zwellingsdruk te bewijzen. Daarnaast komen de resultaten in dit
proefschrift overeen met eerdere in vivo observaties dat over de nacht de druk in de
tussenwervelschijf toeneemt door het aantrekken van water3,12, en de discushoogte
herstelt13-15. De veranderingen in het biomechanisch gedrag met vorderende
degeneratie komt goed overeen met eerder gepubliceerd onderzoek: een afname
van de hoeveelheid proteoglycanen vermindert de zwellingsdruk11, en intradiscale
druk neemt af met toenemende degeneratie16,17. Daarnaast was het reeds vastgesteld
dat een afname van de intradiscale druk tot een afname in discushoogte leidt18
en dat het verlies van water in de tussenwervelschijf ook gecorreleerd is aan het
verlies van proteoglycanen19. Het vernieuwende aan deze studies is dan ook niet
de vaststelling van de relatie tussen de samenstelling van de extracellulaire matrix
en de biomechanische functie, maar in de beschrijving van hoe de biomechanische
functie verandert met tussenwervelschijf degeneratie. Dat deze functie verandering
bijdraagt aan de progressie van tussenwervelschijfdegeneratie is ook niet eerder
zo uitgebreid beschreven. Daarnaast is het vernieuwend om het axiale gedrag van
de tussenwervelschijf te bestuderen over dagen en zelfs weken waarmee de discus
in dynamisch equilibrium komt, wat nodig is om relevante resultaten te verkrijgen.
Voor het bestuderen van het axiale biomechanische gedrag, of veranderingen
hierin, laten onze resultaten duidelijk zien dat de tussenwervelschijven in een
dynamisch, bij voorkeur dag-nacht, equilibrium worden gebracht. Dan zijn de
verandering in discushoogte, de snelheid en hoeveelheid kruip van de discushoogte
determinanten van een gezonde functie van de tussenwervelschijf en zwellingsdruk
(Hoofdstuk V, VI). Axiale stijfheid, in contrast tot torsie-, buig-, en schuifstijfheid4,
was niet gerelateerd aan de zwellingsdruk (Hoofdstuk V), en maar matig gecorreleerd
met MRI degeneratie scores (Hoofdstuk VI) en veranderingen in intradiscale druk
(Hoofdstuk III). Interessant was het ook dat axiale stijfheid een sterkere relatie
laat zien tot de axiale belasting, dan tot verandering in de hoeveelheid water in
de tussenwervelschijf (Hoofdstuk IV). Dit zou een meetfout kunnen geven als de
disci niet in een equilibrium zijn gebracht, of er geen adequate correctie is voor
de grootte van de discus. Onder deze voorwaarden kan het dagelijkse kruipgedrag
gebruikt worden als een meetinstrument om toekomstige regeneratieve therapieën
te evalueren, zeker voor nucleus implantaten zoals gels. Naast deze aanbeveling
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zouden we ook willen adviseren tegen het gebruik van axiale stijfheid als enige
biomechanische uitkomstmaat bij de evaluatie van regeneratieve therapieën.
Overwegingen bij het gebruik van het loaded disc culture system
Het loaded disc culture systeem (LDCS) is in het verleden ontworpen en gevalideerd
om cellen in de discus in leven te houden20,21, maar de biomechanische data hieruit
waren grotendeels ongebruikt. In het LDCS worden belasting en verplaatsingsdata
continu

geregistreerd

en

gedigitaliseerd

op

100Hz.

Aangepaste

Matlab

programmatuur werd gebruikt om deze data te evalueren. Op deze manier waren
we in staat om het biomechanisch gedrag continu te registreren, en alle relevante
data mee te nemen in onze analyses. Om het biomechanisch gedrag zo normaal
mogelijk te laten lijken werd het belasten altijd uitgevoerd met de disci volledig
omringd door vloeistof gezien de afhankelijkheid van de discus van hydratatie om
zijn normale biomechanische functie te kunnen uitoefenen.
De tussenwervelschijven die gebruikt zijn in deze studie zijn allemaal afkomstig
van verse of bevroren wervelkolommen van geiten, behalve de humane disci uit
hoofdstuk VI. Het is reeds vastgesteld dat ook geitenwervelkolommen voornamelijk
een axiale belasting ondervinden22, vergelijkbaar met de humane wervelkolom23.
Daarnaast heeft de geitentussenwervelschijf vergelijkbare dimensies als de humane
tussenwervelschijf24, en bevat deze geen notochordale cellen25. Het gebrek aan
notochordale cellen is niet belangrijk voor de experimenten zoals beschreven in
deze thesis, maar is wel essentieel bij het bestuderen van degeneratie of regeneratie
van de tussenwervelschijf aangezien ze een groot regeneratief potentieel hebben.
Een aanvullende limitatie in de studies die uitgevoerd zijn in dit proefschrift is dat
hoewel de studies gebruik maakten van een loaded disc culture systeem, we geen
data hebben over cell-viabiliteit of genexpressie. Dit is met name te wijten aan de
uitdaging die de combinatie van celkweek met reproduceerbare biomechanische
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data met zich mee brengt. De verversing van het kweekmedium verstoort de
belasting en hydratie van de tussenwervelschijven. Helaas resoneren deze kleine
verstoringen door de data heen na, als rimpels in een stille vijver. Dit maakt het
moeilijk om onderscheid te maken tussen het effect van medium verversen of van
de interventies. Omgekeerd kun je ook het verversen van het medium doen in de
stoof waar het LDCS in staat. Dit verhoogt de kans op infecties echter flink, ondanks
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de toevoeging van antibiotica, wat de celbiologische data ook minder waardevol
maakt. Aangezien we voornamelijk geïnteresseerd waren in de biomechanische
analyse van de studies, hebben we gekozen om het medium verversen niet te doen,
en de tussenwervelschijven a-vitaal te kweken. Een goede toevoeging aan het LDCS
zou dus een automatisch medium ververssysteem zijn wat zonder dat de belasting
onderbroken hoeft te worden het medium in de kweekpotjes kan vernieuwen. Op
die manier kun je vitaal kweken zonder de verstoring van de registratie van de
biomechanische data.
De experimenten uit dit proefschrift zijn gelimiteerd door het gebrek aan voorgaande
data over langetermijnbiomechanica van de tussenwervelschijf. Hierdoor was het
soms moeilijk om van tevoren specifieke hypotheses te formuleren en werd een
meer verkennende benadering gebruikt. Het loslaten van de wetenschappelijke
methode van —hypothese – experiment – resultaat – evaluatie— heeft mogelijk
gezorgd voor een selectie bias, waar resultaten die duidelijk naar voren kwamen
meer aandacht kregen dan subtiele verschillen. Hoewel wij het gevoel hebben
dat de hypotheses die we hebben opgesteld goed overeenkomen met de
observaties die we hebben gedaan, moeten deze hypothesen nu eerst van een
fundamentelere chemisch-fysisch perspectief worden getoetst om onze observatie,
dat zwellingsdruk en de daaruit volgende discushydratatie bepalend zijn voor het
langetermijn biomechanische gedrag van de tussenwervelschijf, te verifiëren.

Aanbevelingen
Als we tussenwervelschijfdegeneratie bestuderen hebben onderzoekers en
clinici de neiging te focussen op de veranderingen die ontstaan binnen hun subspecialiteit. Het ziektemodel wat we hebben gepresenteerd, de degeneratieve
cirkel (Hoofdstuk II), laat zien dat je tussenwervelschijfdegeneratie juist moet zien
in het brede kader van cellen, extracellulaire matrix en biomechanica. In deze
context hebben ex vivo kweeksystemen voor de tussenwervelschijf, de potentie
voor het bestuderen van zowel degeneratie als regeneratie, omdat ze in staat zijn
tot simultane monitoring van het cellulaire gedrag20,21,33,34, remodelleren van de
extracellulaire matrix20,21,35, en axiaal biomechanisch gedrag (dit proefschrift).
Om verdere kennis te verkrijgen over de origine, progressie en verschillen in
ontstaanswijze van tussenwervelschijfdegeneratie zijn longitudinale studies
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in proefdieren of mensen die een grote kans hebben op het ontwikkelen van
tussenwervelschijfdegeneratie noodzakelijk. Alleen dan kunnen we de timing en
volgorde van veranderingen in tussenwervelschijfdegeneratie goed begrijpen, en
mogelijke aangrijpingspunten voor regeneratieve therapieën identificeren.
Fundamenteel onderzoek naar zwellingsdruk en vloeistofstromen in de
tussenwervelschijf
Gezien de rol van zwellingsdruk in de axiale biomechanica van de tussenwervelschijf,
kan het herstellen hiervan gezien worden als een primair doel voor regeneratieve
therapieën. Als de zwellingsdruk wordt hersteld, zal ook de intradiscale druk,
de discushoogte, en de spanning in de annulus toenemen36. De toename van
discushoogte kan de druk op de posterieure elementen verlichten, welke gezien
wordt als een bron voor lage rugpijn37,38. De toename van spanning in de annulus
fibrosus zal daarnaast de neutrale zone bij buigen, torsie en afschuiven doen
toenemen4,39, wat de passieve stabiliteit van de wervelkolom herstelt40. De noodzaak
om de annulus te verstevigen bij het herstellen van de zwellingsdruk zal verder
onderzocht moeten worden. Echter, de observatie dat de sterkte van de annulus
in tensie niet afneemt met degeneratie41 geeft aan dat regeneratieve therapieën
mogelijk alleen toegespitst hoeven te zijn op het herstel van de zwellingsdruk.
Als we het hebben over het kwantificeren van zwellingsdruk, is het gebruiken van
de concentratie proteoglycanen in de nucleus (μg/mg) mogelijk niet de beste maat.
Het relatieve volume van de nucleus in relatie tot de totale tussenwervelschijf,
tezamen met de concentratie proteoglycanen in de annulus en annulus volume,
zijn ook relevant. Zo kan de totale zwellingscapaciteit van de tussenwervelschijf
worden bepaald, welke waarschijnlijk van grotere waarde is dan alleen de
concentratie proteoglycanen in de nucleus. Voor zover wij weten zijn er tot op
heden nog geen studies gedaan die de tussenwervelschijf hebben bekeken vanuit
het perspectief van totale zwellingsdruk, dus dit zal in verder onderzoek bevestigd
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moeten worden.
Als we het herstel van zwellingsdruk essentieel vinden voor de regeneratie van de
tussenwervelschijf, verdient zwellingsdruk een nieuwe definitie. De huidige definitie
zoals gehanteerd in dit proefschrift komt van Urban et al.11: “Zwellingsdruk is gelijk
aan de compressiekracht die geleverd moet worden om de huidige hydratietoestand
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van de discus te behouden.”. Deze definitie is echter niet toereikend omdat deze
zwellingsdruk als een variabele potentiële energie definiëert in plaats van als
een weefseleigenschap. Het meten van de ‘zwellingscapaciteit’ van de discus is
waarschijnlijk beter, zeker als we dit kunnen relateren aan weefseleigenschappen.
We moeten de drie variabelen waarvan de zwellingsdruk afhankelijk is controleren
als we de zwellingscapaciteit willen meten: de aangebrachte kracht, de omgeving
van de tussenwervelschijf, en de tijd dat de kracht aangebracht is. Hoewel een
uitgebreid ontwerp van een apparaat om de zwellingsdruk te bepalen buiten het
onderwerp van dit proefschrift valt, is het onze hypothese dat het veranderen van
een van deze drie variabelen, terwijl men de andere twee controleert, een indicatie
van de zwellingscapaciteit kan geven. Zeker als de variabelen om en om worden
veranderd. Aanvullend op het fundamentele onderzoek van de zwellingscapaciteit
van de tussenwervelschijf, dient ook het effect van de permeabiliteit van de nucleus,
annulus en de eindplaat onderzocht te worden. Dit omdat deze verandert met
degeneratie42-44, en het de vloeistofstroom dramatisch zou kunnen beïnvloeden.
Onderscheid
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vloeistofstroom is essentieel voor zowel degeneratie- als regeneratiestudies45.
Helaas wordt dit onderscheid vaak over het hoofd gezien en worden deze twee
processen vaak als synoniem voor elkaar gebruikt (Hoofdstuk IV). Dat er een
verschil is wordt duidelijk in het ex vivo kweken: het schoonmaken van de eindplaat
is essentieel voor het behoud van de celviabiliteit46,47, maar het effect van het
dichtsmeren van de eindplaat op axiale biomechanica is zeer beperkt48,49. Verder
onderzoek wat het verschil tussen, en het verschillende effect van deze twee
fundamentele processen in de fysiologie van de tussenwervelschijf inzichtelijk
maakt, is onontbeerlijk. Zeker als we ook willen kijken naar regeneratie van de
tussenwervelschijf.
Het ontwerp en het testen van regeneratieve therapieën
Het injecteren van cellen in de tussenwervelschijf, welke dan proteoglycanen
moeten gaan maken, is één van de visies voor het herstel van de tussenwervelschijf,
echter, deze visie omzetten in een behandeling is tot op heden moeilijker gebleken
dan gedacht50. Dit komt mede omdat cellen geïnjecteerd worden in een katabole
mechanobiologische omgeving met lage intradiscale druk en hoge schuifkrachten.
Het dragermateriaal voor de injectie van deze cellen zijn nu met name gericht
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op het behoud van de celvitaliteit in vitro, in tegenstelling tot het herstel van de
normale biomechanica van de tussenwervelschijf en daarmee samenhangende
mechanobiologische omgeving. Wij zouden hierom aanbevelen om gebruik te
maken van een sterk hydrofiel dragermateriaal welke de zwellingscapaciteit van
gezond aggrecaan nabootst. Dan zal de normale biomechanica (deels) worden
hersteld, en hebben geïnjecteerde cellen een anabole omgeving om in te gedijen.
Als alternatief kan de injectie of implantatie van alleen een nucleus analoog
materiaal, zonder de toevoeging van cellen, overwogen worden om de symptomen
die samenhangen met tussenwervelschijfdegeneratie te verlichten.
Om regeneratieve therapieën voor tussenwervelschijfdegeneratie te evalueren
kunnen bioreactoren zoals het LDCS een middel bieden om snel en tegen lage
kosten een middel te screenen. Screening in bioreactoren als zodanig, kan of
zou een standaardstap moeten zijn in de ontwikkeling van implantaten als we
proefdiergebruik willen verminderen, verfijnen of vervangen. Het moet echter
gezegd worden dat het totaal vervangen van proefdieronderzoek niet mogelijk is
met de huidige bioreactoren, met name als we willen kijken naar inflammatie of
langetermijneffecten (maanden of jaren). De huidige bioreactoren moeten daarnaast
wordend doorontwikkeld van de huidige laboratoriumopstellingen naar industriële
kwaliteit om het aantal technische problemen in te perken en de reproduceerbaarheid
van de data te vergroten. Om de bioreactor een plaats te geven als tussenstap in
de ontwikkeling van nieuwe therapieën moet een gestandaardiseerde, industriële
bioreactor worden ontwikkeld met een gestandaardiseerd belastingsprotocol,
zodat verschillende regeneratieve strategieën voor tussenwervelschijfdegeneratie
vergeleken kunnen worden. Bij voorkeur worden de kenmerken van zo een
bioreactor en het belastingprotocol vastgesteld als test standaard (bijv. ASTM of
ISO), om vergelijking tussen instituten mogelijk te maken. Op deze manier kunnen
innovatieve therapieën in sneltreinvaart worden ontwikkeld en onderzocht in een
internationale context.
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Handvatten voor de kliniek
De relatie tussen tussenwervelschijfdegeneratie en lage rugpijn is niet één-op-één.
Dit komt mogelijk deels doordat de MRI technieken, die vaak worden gebruikt om
degeneratie te categoriseren, maar matig gerelateerd zijn aan de biomechanische
functie van de tussenwervelschijf (Hoofdstuk VI). Het onderzoek naar de relatie
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tussen lage rugpijn en tussenwervelschijfdegeneratie is daarnaast gelimiteerd door
de huidige validatie van MRI degeneratie scores. Scores die beter zijn gerelateerd
aan de samenstelling van de extracellulaire matrix (i.e. concentratie proteoglycanen)
zoals MRI T2* mapping5,6,51 of T1rho mapping52,53, hebben een groter potentieel in
het monitoren van veranderingen in tussenwervelschijfdegeneratie die specifiek
zijn voor lage rugpijn. Deze scores zijn echter ook afhankelijk van de dagelijkse
wisselingen van de hoeveelheid water in de tussenwervelschijf15, dus de tijd van de
dag waarop degeneratie wordt bepaald zou gestandaardiseerd moeten worden. Dit
is met name van belang bij veranderingen die samenhangen met vroege degeneratie
omdat de verschillen dan subtiel zijn. Wij stellen voor om MRI’s in de ochtend te
maken omdat gezondere tussenwervelschijven dan meer water hebben opgezogen
gedurende de nacht, en ze minder water hebben verloren in het eerste uur na
het opstaan. Dan kan het zijn dat de gradering van gezonde of gedegenereerde
tussenwervelschijf beter gerelateerd is aan functie, wat naar verwachting een
betere voorspeller is van lage rugpijn dan met de huidige degeneratiescores.
Omdat de relatie tussen degeneratie van de tussenwervelschijf en lage rugpijn
niet één-op-één is, is het doen van klinische aanbevelingen op basis van deze
fundamentele studies prematuur. Toch kunnen er enkele observaties worden
gedaan. Ten eerste lijkt het dat met name het langdurig en aanhoudend belasten
van de tussenwervelschijf de intradiscale druk en discushoogte doet afnemen
(Hoofdstuk III,IV). Dit kan worden tegengegaan door periodes van ontlasten, waarin
de tussenwervelschijf snel weer water opneemt. Als deze periodes van ontlasting
mee worden genomen blijft de intradiscale druk mogelijk binnen de anabole
bandbreedte. Helaas is deze anabole bandbreedte nog niet helemaal duidelijk.
Rondom 0.3MPa produceren humane nucleaire chondrocyten proteoglycanen54, en
een beperkte hoeveelheid katabole enzymen55. Waarschijnlijk loopt deze range
wel op tot zo’n 1.2MPa aangezien we in het simulated physiological loading regime
van Paul et al.20,21 hebben gezien dat deze drukken een anabole werking hebben
op tussenwervelschijven van geiten. Deze data zijn echter afhankelijk van het feit
dat het geiten tussenwervelschijven zijn, welke mogelijk verschillen van humane
tussenwervelschijven in hun optimale bandbreedte voor intradiscale druk. Verder
onderzoek is dan ook nodig naar het bepalen van de optimale bandbreedte voor
intradiscale druk voor humane tussenwervelschijven voordat we aanbevelingen
kunnen doen voor anabole belasting in vivo.
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Conclusie
Intradiscale druk is essentieel voor normale axiale biomechanica en om anabole
mechanobiologische stimuli te geven aan de nucleaire chondrocyten. Deze
intradiscale druk wordt gegenereerd door aantrekking en binding van water door
de proteoglycanen. Deze aantrekking van water, of zwellingsdruk, genereert
vloeistofinstroom in de discus bij ontlasten, en is essentieel voor het behouden
van discushoogte en het dagelijkse kruipgedrag hiervan. Met degeneratie
neemt de concentratie proteoglycanen af en daalt hiermee de zwellingsdruk en
intradiscale druk. De effecten van degeneratie op de axiale biomechanica van de
tussenwervelschijf zijn als volgt: een verlies van discushoogte en een verlies van
dagelijkse vloeistofstroom of kruip. Het monitoren van de gezondheid van de
discus vanuit een biomechanisch perspectief moet dan ook gebeuren door het
bijhouden van veranderingen in discushoogte en in de snelheid en hoeveelheid
van de dagelijkse kruip. Stijfheid in de axiale richting, in tegenstelling tot stijfheid
in buigen, torsie en afschuifrichtingen is een slechtere maat voor het bepalen van
degeneratie gebleken. Op eenzelfde manier is het gebruik van MRI technieken, zoals
die vaak worden toegepast, maar matig gerelateerd aan de biomechanische functie
van de tussenwervelschijf. Ten slotte, evaluatie van regeneratieve strategieën kan
adequaat worden gedaan in een bioreactor (zoals het LDCS) als screening voor een
eventuele in vivo studie om het gebruik van proefdieren en samenhangende kosten
te reduceren, en innovatie te versnellen.
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altijd bereid om te zorgen dat aan de randvoorwaarden werd voldaan. Ik mis onze
(soms eindeloze) discussies op de donderdag ochtend, over het onderzoek en alle
zaken daarbuiten, nu al. Het was geweldig dat je deur altijd open stond, en je altijd
nog een antwoord kon geven op een mailtje. Dank dat je kritiek soms fel, maar
altijd opbouwend was, en dat je bij herhaling bereid was om woord voor woord
met mij te kijken naar de abstracts van de publicaties. Bedankt voor je inspiratie.
Dr. Kingma, beste Idsart, dank voor de onmisbare rol die je hebt gespeeld tijdens
mijn promotie. Waar ik en velen die hebben bijgedragen aan dit proefschrift zich
liever bezig hielden met de grote lijnen, was jij er altijd om op de details te letten.

A

Menig inconsistentie wist jij nog uit een late versie te vissen, ik ken geen betere
reviewer dan jij. Daarnaast heb je me wegwijs gemaakt in de wereld van de statistiek,
iets waar de meeste doktoren weinig intresse in hebben, kan ik nu daadwerkelijk
zeggen dat ik het leuk ben gaan vinden. Juist omdat jij en ik zo verschillend zijn
heb ik ook veel dingen van je geleerd die niet direct aan het onderzoek gerelateerd
waren. Bedankt voor je oprechte betrokkenheid.
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Leescommissie en promotiecommissie
Hierbij wil ik graag de leden van de lees- en de promotiecommissie: prof. dr. H.
Schmidt, prof.dr. K. Ito, prof.dr. L.W. Van Rhijn, dr. P.C.P.H. Willems, prof.dr. J.H.
Van Dieën, dr. D.P. Noske en prof.dr. M. De Kleuver, bedanken voor de tijd die ze
hebben gestoken in het beoordelen van dit proefschrift.
Orthopaedie VUmc
Beste Kaj, wat heb ik een ongelofelijke mazzel gehad dat jij op mijn pad bent
gekomen. Dit proefschrift was nooit van de grond gekomen zonder jouw
nadrukkelijke bijdrage. De eindeloze uren die jij naast mijn zijde hebt gezeten
druk verwikkeld in een nieuw stuk MatLab code zijn ontelbaar. Daarnaast is er door
de vragen die we elkaar heen en weer stelden over de wetenschap en alle minder
belangrijke dingen in het leven, maar ook de gedeelde reizen naar congressen, een
goede vriendschap ontstaan. Bedankt voor je kameraadschap.
Beste Mirte, wat een geluk was het voor een laboratorisch technisch onhandige arts
om een sociale duizendpoot als jij eerst als student en later als collega te hebben.
Zeker de helft van de gelukte experimenten in dit proefschrift, en de vele mislukte
experimenten die daaraan vooraf gingen heb jij een rol in gespeeld met het inzetten,
de analyse, of een tip over hoe we een assay beter konden doen. Daarnaast zijn
je taarten op 3F en ver daarbuiten geroemd, wat niet geheel onbelangrijk is bij de
dagelijkse hoeveelheid koffie. Bedankt voor je tomeloze positieve energie.
Beste Marco en Albert, ondanks dat jullie niet tot mijn promotoren of co-promotoren
behoren, heeft het wel altijd zo gevoeld, jullie waren altijd beschikbaar voor raad en
daad en hebben aan menig publicatie in dit proefschrift bijgedragen, conceptueel
of praktisch gezien. Daarnaast is jullie beider vriendelijkheid en gezelligheid een
van de zaken geweest die het onderzoek doen tot een feest maken. Marco, hier
ook extra bedankt dat je je hard maakte dat ik mee mocht naar Iran, dat was
onvergetelijk!

A

Beste Arno, Roderick en Suus, wat hebben we een lol gehad samen op de kamer,
de gang, of met het opereren van geiten. Jullie deden al een tijdje onderzoek op
de orthopaedie, maar toch kon ik zonder enige moeite bij jullie aansluiten voor
raad en daad, met name over hoe om te gaan met de randzakelijke zorgen van de
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promovendus. Dank voor de gezellige sfeer en de vriendschap, ik weet zeker dat
ondanks de keuzes die we allemaal op een andere manier maken we toch veel op
elkaars pad zullen komen, ik verheug me er nu al op!
Beste Jantine, Fabian, Tjitske, Ben, Manuel en Ernst-Jan, als collega’s op dezelfde
gang hoef je niet bij elkaars onderzoek betrokken te zijn om toch veel met elkaar
te delen. Dank jullie allemaal voor de lol en de gesprekken bij de koffietafel.
Beste AIOS en ANIOS die in de afgelopen drie jaar zijn langsgekomen op de VU,
bedankt voor de portie relativeringsvermogen bij de dagelijkse lunchbesprekingen.
Beste Elise, 3F is niet compleet zonder jou. Dank voor het grote hart wat je hebt
voor alles wat zich daar afspeelt!
Universitair Proefdiercentrum
Beste Paul en Klaas, ik mag jullie hier nu eindelijk uitgebreid bedanken voor
de bijdrage die jullie over de afgelopen 7 jaar hebben geleverd aan mijn
wetenschappelijke ontwikkeling. Jullie hebben me met geduld op weg geholpen
als student bij Robert Jan. Tijdens mijn promotie hebben jullie een eindeloze
hoeveelheid kweekpotjes gewassen, ingepakt en weer opnieuw gesteriliseerd. Het
werk wat jullie verricht hebben is niet met woorden te beschrijven. Ik weet dan ook
niet of jullie het kweekpotje op de voorkant van dit proefschrift nog kunnen zien...
Super bedankt voor alle lol, gezelligheid, en leerzame momenten. Die ene keer dat
jullie me voor de gein onder de koude douche hebben gezet is nu wel vergeven!
Beste Ger, Hang, Jerry en de vele anderen in het UPC die ik sommige maanden
dagelijks zag, bedankt voor de behulpzaamheid die jullie altijd hebben gehad.
Instrumentenmakerij

A

Beste Micha, Rianne, Richard, Frank, Thijs, Peter, Danny, Nick en de rest die wel eens
een goed advies of een nieuwe schroefje te voorschijn wist te toveren. Het loaded
disc systeem hebben jullie helemaal ontworpen en gebouwd, dus zonder jullie was
het niet mogelijk geweest het onderzoek uit dit proefschrift te doen. Leerzaam
om met jullie te bedenken hoe we het systeem verder konden verbeteren. Super
bedankt dat jullie er ook altijd waren als het systeem het een keer af liet weten.
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ACTA
Beste Cor, Jolanda, Ton, Ton, Kamran, Dirk Jan, Astrid, Jenneke en Vincent, bedankt
voor de vele hulp en de antwoorden op alle vragen die een arts in een lab kan
stellen. Daarnaast moet ik jullie extra bedanken voor het iedere keer weer bijvullen
van alle voorraden die ik in bulk hoeveelheiden nodig had om het loaded disc
systeem draaiende te houden. Maar met name heel erg bedankt voor het geduld
dat jullie hebben gehad om mij telkens weer het laboratoriumvak bij te brengen.
Vrienden en Familie
Hoe goed je het professioneel ook allemaal voor elkaar hebt, alles hangt en staat
met het vangnet en de liefde van de mensen die het dichtst bij je staan. Hoewel je
er nooit aan toe komt iedereen te bedanken en altijd mensen te kort doet door ze
hier niet te noemen wil ik hier toch een aantal mensen in het bijzonder danken.
Fred, niet voor niets ben je mijn paranimf, je bent ook al jaren m’n beste maat. Ik
kan altijd bij je terecht, en je komt ook altijd als ik vraag of je komt. Daarnaast lig
ik altijd dubbel om je humor en is het heerlijk om samen promovendus geweest te
zijn, dan deel je toch nog wat meer. Dank dat je er altijd bent als ik het nodig heb,
maar ook als het super goed met me gaat!
Michaja, Thomas, Yasmine, Hildeke, Walter en Nina, dank dat ik iedere maandag
weer langs mag komen om met jullie muziek te maken, heerlijk om dat samen ieder
jaar opnieuw weer te doen. Lisanne, je maakt dan wel geen muziek, maar jij hoort
ook op deze plaats. Het is na bijna vijfentwintig jaar niet gek dat er een dusdanig
hechte band is ontstaan dat het bijna als familie voelt, super fijn dat jullie er zijn!
Mischka en Niek, geneeskunde vrienden van het eerste uur en dat is nooit meer
veranderd, ik verheug me nu al op de elfde van de elfde, bedankt voor alle gein!
Jasper, jarenlange geneeskunde vriend en vakantieganger, we snel drinken nog een
gifbeker op het afronden van dit boekje.

A

Rolf en Jigal, hoe je door de gedeelde passie voor het hockey ook hele goede
vrienden kan worden, en nu zelfs bijna familie... Super mooi! En verder: blijf het
gewoon vragen, ik word vast nog nog wel weer een keer jullie beider assistent, de
enige vraag is hoe lang dat duurt.
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Annemiek, Tessa, Caro, Karen en Kaz, wie had gedacht dat we na een jaar lang op
elkaars lippen ons er nog steeds op zouden verheugen elkaar te zien. Alles kunnen
we met elkaar delen, ik heb nu al zin in het volgende bestuursweekend.
Heren ik-weet-niet-hoe-veel-we-dit-jaar-weer-zijn, bedankt dat jullie ieder jaar weer
besluiten om nog een jaartje door te spelen met z’n allen!
Lieve Stefanie, de afgelopen jaren heb jij een grote rol gespeeld door alles wat
ik met je heb beleefd en wat ik met je mocht leren. Voor dit proefschrift keek je
vaak over m’n schouder mee om te kijken of de stukken voor iedereen begrijpelijk
waren. Dank dat je me door dik en dun steunt.
Wout, Vief, Jo, Fre, Cas en Door, wat heerlijk dat je neefjes en nichjes niet gewoon
familie zijn, maar ook nog je beste vrienden. Heerlijk om met jullie op vakantie te
gaan of gewoon door het jaar heen te zien. Tot snel!
Jan Piet, bedankt dat je mijn liefde voor het zeilen de mogelijkheid geeft te groeien.
Marc, Bart, Patty, Paul en Helène, Zuid-Frankrijk is al een fijne plek om te zijn, maar
met jullie erbij des te meer.
Lieve Oma José en Oma Ank, wat heerlijk dat jullie er zijn! Als buurvrouw voor
praktische zaken en een goed gesprek of om op bezoek te gaan en verwend te
worden, het is een feest dat jullie er zijn! Dank voor jullie geloof en steun.
Lieve Nicole, Ies, Dees, Cato en Fien, mensen vragen me vaak of het zwaar is om
5 zusjes te hebben, maar met toppers als jullie is dat helemaal niet zo! De broerzussendag in de Efteling dit jaar was super geslaagd, en dat komt natuurlijk omdat
jullie zulke geweldige schatten zijn. Top dat jullie er zijn!

A

Lieve Papa en Mama, woorden schieten te kort om te beschrijven hoe belangrijk jullie
zijn door de stabiliteit, liefde, vrijgevigheid en aandacht die jullie onvoorwaardelijk
geven. Jullie hebben me altijd gestimuleerd om nieuwe dingen te leren, me open te
stellen, en er op te vertrouwen dat alles tot een goed einde komt. Ik had hier zeker
niet gestaan zonder jullie hulp, lessen en aanmoediging. Bedankt voor alles.
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