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Walking. Running. Jumping. Bending. Climbing. The human spine has evolved beyond 
supporting an upright posture to permit a wide range of motions. The unique upright 
position along with the flexibility of the human spine is due to the presence of the 
paired facet joints and the intervertebral discs, which work together as a three-joint 
complex. The facet or zygapophyseal joints are synovial joints between the superior 
and inferior articular processes of adjacent vertebrae [1]. The zygapophyseal joints 
share the transmission of the mechanical load on the spine, limit excessive axial rota-
tion of the vertebrae and provide passive stability [2]. The bony posterior elements of 
the vertebrae allow attachment of muscles which provide active stability during motion.

The intervertebral disc is sandwiched between the superior and inferior vertebral 
body endplates and together they constitute a spinal motion segment [3]. The spine 
can be viewed as consisting of 23 individual spinal motion segments, across the cervi-
cal, thoracic and lumbar regions. The sacral and coccygeal vertebrae being fused, lack 
intervening discs and thus spinal motion segments. The vertebral endplates are thin 
cartilaginous layers in the central portion of the superior and inferior surfaces of the 
vertebrae that allow the exchange of nutrients and metabolites between the disc and 
the capillaries in the vertebrae. The intervertebral discs are held in place between the 
vertebrae by the longitudinal ligaments continuous with the outer fibres of the disc. A 
schematic drawing of the spine is shown in Fig. 1.1. The function of the spinal motion 
segment is to provide axial stability, absorb shock and allow mobility of the segment 
in three dimensions. Each segment is subject to static and dynamic mechanical forces 
of varying kinds—compression, shear, bending and torsional forces.

S. Kumar (*)
Neuroradiology, National Neuroscience Institute, Singapore, Singapore

Duke-NUS Medical School, Singapore, Singapore
e-mail: sumeet.kumar@singhealth.com.sg

V. Pai 
Neuroradiology, National Neuroscience Institute, Singapore, Singapore

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-03715-4_1&domain=pdf
https://doi.org/10.1007/978-3-030-03715-4_1#DOI
mailto:sumeet.kumar@singhealth.com.sg


2

ALL

VB

AF
NP

EC

CE

LF
ESMC

SC

PLL

PLL: Posterior Longitudinal Ligament
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ESMC: Erector Spinae - Multifidus Complex

ALL: Anterior Longitudinal Ligament
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NP: Nucleus Pulposus
EC: Endplate Cartilage

Fig. 1.1 Sagittal illustration of the spine showing the relationship of the vertebrae, the cartilagi-
nous endplates and the intervertebral discs
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In this chapter, the focus is on the intervertebral disc; we will discuss the struc-
ture and anatomy of the disc and elaborate on the biomechanical responses of the 
intervertebral disc when subjected to various forces.

1.1  Anatomy of the Intervertebral Disc

Intervertebral discs are present in the cervical, thoracic and lumbar regions, varying 
in shape and volume at different anatomical levels. On gross morphology, the height 
of the discs in the lumbar region is the largest, measuring about 9–17 mm in adults. 
The height in the thoracic region is lesser, about 5 mm and it is the least, about 3 mm 
in the cervical region [4]. In the cervical region, the discs are thicker anteriorly than 
posteriorly to form the normal cervical lordotic curvature [5]. Similarly, they are 
thicker in the anterior portions in the lumbar region to form the lumbar lordosis. In 
the thoracic region, the discs are of uniform thickness from front to back [6].

On an axial cross section, the disc comprises three zones; the inner most nucleus 
pulposus surrounded by the inner fibres of the annulus fibrosus and the outer most 
zone being the outer fibres of the annulus fibrosus [7]. The inner fibres of annulus 
fibrosus are also sometimes referred to as the transitional zone. The nucleus pulpo-
sus is the soft and gelatinous core of the intervertebral disc, occupying about 40% 
of the cross sectional area in a young healthy adult. The nucleus pulposus has a high 
water content (about 70–90%), which varies through the time of the day and with 
activity [8, 9]. The remainder of the matrix of the nucleus pulposus consists of pro-
teoglycans and collagen—primarily type II collagen [4]. The water is held within 
the domains of the proteoglycans, most abundant of which is aggrecan. The aggre-
cans attract water molecules and maintain the hydrostatic pressure of the disc [10]. 
This bound water is responsible for the dynamic viscoelastic properties of the disc 
that allow it to deform under pressure, sustain and transmit the load in all directions. 
The type II collagen fibres are fine interconnected fibres that form a meshwork in 
the matrix and connect with the inner annulus fibres and with the vertebral end-
plates. Histologically, the nucleus pulposus contains few chondrocyte-like cells 
which secrete and maintain the abundant extracellular matrix, the predominant 
component of which is the proteoglycans [11].

Surrounding the nucleus pulposus circumferentially is the ring-shaped annulus 
fibrosus, which limits the nucleus pulposus forming its outer boundary [12]. The 
annulus fibrosus is a fibrous structure, consisting of concentric series of collagenous 
lamellae [13]. Collagen forms about 70% of the dry weight of the annulus fibrosus. 
Interspersed between the collagen fibrils are proteoglycans, glycoproteins, elastic 
fibres and fibroblast-like connective tissue cells that secrete these products [14]. The 
peripheral or outer annulus fibrosus is a more collagenous region than the inner 
annulus, which forms a transitional layer and lies in contact with the nucleus pulpo-
sus. Type I collagen predominates the structure of the outer annulus fibrosus, while 
type II collagen is abundant in the inner annulus fibrosus [15]. The architecture and 
composition of the annulus fibrosus change gradually from the outer to the inner 
layers, being more organised in the outer layers.
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The outer annulus is a highly organised lamellated structure made of about 15–25 
concentric, densely packed, lamellae of collagen. The number of lamellae is highest 
in the lumbar discs, up to 25 lamellae [16]. Each lamella varies in thickness from 
200 to 400 μm, being thicker towards the periphery [17]. The collagen fibres within 
each lamella are uniformly oriented in a plane but differ in orientation to the adja-
cent lamella by about 60° [12]. This alignment leads to the parallel orientation of 
alternate lamella, referred to as “radial-ply” formation, which provides exceptional 
strength to the annulus. This arrangement is illustrated in the schematic drawing, 
Fig. 1.2. The deformation characteristics of the annulus fibrosus are believed to be 
related to the difference in the angles between adjacent lamella [18, 19]. The lamel-
lae are interconnected through translamellar bridges. The number of translamellar 
bridges per unit area determines the balance between strength and flexibility. A 
greater number of bridges provide greater resistance to compressive forces but limit 
flexibility [12]. In the lumbar discs, the annulus is thicker anteriorly than posteri-
orly, the lamellae being more numerous anteriorly and spreading out in the periph-
eral aspects of the disc [20]. The peripheral lamellae connect with the fibres of the 
longitudinal ligaments, more intimately with the anterior longitudinal ligament than 
with the posterior longitudinal ligament [21]. The lamellae in the peripheral annulus 
also attach to the bony edges of the vertebrae by Sharpey’s fibres, and the lamellae 
in the inner annulus are continuous with the cartilaginous endplates [21, 22].

In adults, the intervertebral disc is an avascular structure. It receives its nutrition 
through diffusion of nutrients through the endplates from the bone vasculature. The 
vertebral endplates are thin cartilaginous plates composed of hyaline cartilage, 
about 1 mm thick, at the interface of the vertebral bone and the intervertebral disc. 
The collagen fibres in the endplates are continuous with the collagen fibres in the 
disc [23].

Embryologically, the disc originates from two distinct entities. The central 
nucleus pulposus arises from remnants of the notochord which eventually disappear 
by the age of 10 years and are replaced by cells which closely resemble chondro-
cytes [12, 24]. The annulus fibrosus arises from the sclerotome as “annular” con-
densation of mesenchymal cells between the primordial vertebral bodies [12, 24]. 
The cells of outer annulus have an oblong, fibroblast-like appearance.

Annulus Fibrosus

Nucleus Pulposus

Fig. 1.2 Diagrammatic representation of the intervertebral disc showing the central nucleus pulp-
osus (blue) surrounded circumferentially by the multilayered annulus pulposus (green)
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In adulthood, there is a sharp fall in the number of viable cells within the inter-
vertebral disc and with it, the onset of disc degeneration [25]. The nucleus hardens, 
loses its gel-like consistency and translucent appearance due to a reduction of its 
proteoglycan and water content and an increase in the density and size of the col-
lagen fibrils within it [26]. Consequent to these structural alterations within the 
nucleus, there is an overall reduction of the size of the nucleus pulposus and expan-
sion of the inner layer of the annulus. The outer layer of the annulus remains stable 
in size [26]. The composition of the annulus remains unchanged in adulthood, but 
areas of myxomatous degeneration occur which eventually progress to fissuring 
[26, 27]. With degeneration, the collagen fibrils are thinned and their arrangement 
loses its regularity [28]. With advancing degeneration, the intervertebral disc is no 
more than a hard fibrocartilage. The volume of the disc reduces markedly with mul-
tiple fissures extending to the centre of the disc. The nucleus may be imperceptible 
from the rest of the annulus.

1.2  Biomechanical Properties of the Intervertebral Disc

The extracellular matrix of the intervertebral disc, consisting predominantly of three 
macromolecules—collagen, proteoglycans and glycoproteins, is responsible for 
many of the biomechanical properties of the disc. The relative proportion of water 
and the macromolecules varies in different regions of the disc, imparting distinct 
mechanical properties to the nucleus pulposus, inner and outer annulus fibrosus. For 
instance, the proteoglycans are most abundant in the nucleus pulposus. This gives 
the nucleus pulposus higher hydrostatic and osmotic pressures and thus more com-
pressive properties. Highly organised collagen fibres are more abundant in the annu-
lus, giving the annulus a higher tensile loading capacity. During axial loading (axial 
force is a force applied along the long axis of the spine) compression is experienced 
by both the nucleus pulposus and the annulus fibrosus. However, their responses 
vary due to the relative differences in their composition. The relative composition 
and architectural arrangement not only vary in different regions, but they also vary 
with the anatomical level (i.e. cervical versus thoracic versus lumbar level) and with 
age [29–32]. For example the lumbar intervertebral discs have the highest proteo-
glycan content in the nucleus pulposus, whereas the nucleus pulposus in the cervical 
discs show the highest collagen content [30]. Some of the important properties of 
the disc that influence biomechanical behaviour are discussed below.

1.2.1  Hydrostatic Pressure

The proteoglycans, being hydrophilic, attract water molecules and this maintains 
the hydrostatic pressure of the nucleus pulposus. The hydrostatic pressure is respon-
sible for maintaining the height of the disc which separates the adjacent vertebrae 
and expands the annulus fibrosus outwards. The magnitude of hydrostatic pressure 
varies diurnally depending on the spinal alignment and physical activity, being in 
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the magnitude range of 0.1 MPa at sleep to 0.5 MPa in quiet standing to more than 
3 MPa, with increased loading [31–34]. With advancing age, lower proteoglycan 
and thus lower water content of the disc result in reduced hydrostatic pressure. This 
is accompanied by a decrease in the height of the disc along with altered mechanical 
properties of the disc.

1.2.2  Osmotic Pressure

Osmotic pressure in the disc is due to the differences in the concentration of macro-
molecules and ions in the extracellular matrix [35]. The presence of charged ions in 
the disc creates an osmotic pressure, which pulls water into the tissue and keeps the 
disc hydrated. The proteoglycans in the disc are composed of long chains of glycos-
amine attached to protein and are responsible for the negative charge. Within the 
nucleus pulposus, the most abundant proteoglycan is aggrecan, which is composed 
of negatively charged side chains of chondroitin sulphate and keratan attached to 
filaments of hyaluronic acid. These large molecules are trapped inside the collagen 
fibres and cannot diffuse out [36–38]. The negative charge attracts the positively 
charged Na+ ions creating an imbalance of cations. This draws in water that main-
tains the osmotic turgor of the nucleus pulposus, causes swelling of the disc and 
increases the stiffness of the tissue. The osmotic pressure within the disc shows 
diurnal variation, with changes in standing and supine positions and variations due 
to posture and activity with about 20–25% water exchange in every diurnal 
cycle [39].

1.2.3  Permeability

Permeability refers to the ability of fluid to flow in and out of the disc and is a key 
mechanical property of the nucleus pulposus. During axial loading, fluid flows out 
of the disc into the plasma. Inward movement of water into the disc is through pas-
sive diffusion on removal of the applied forces, for example on lying down. The 
movement of water into the disc and efflux of water out of the disc is thought to 
occur through two routes, predominantly through the vertebral endplate. The verte-
bral endplate is a hyaline cartilage similar to that found in the joints. It is perforated 
by vascular buds from the bone marrow at the bone endplate interfaces [40]. The 
other, probably less important route is through the annulus into the blood vessels 
adjacent to the annulus [40]. The permeability of the disc has been tested using 
confined compression techniques in which harvested nucleus pulposus tissue is 
compressed axially with methods to prevent lateral expansion. It has been observed 
that when subjected to small deformations, the nucleus pulposus demonstrates a 
constant permeability with a linear relationship between stress and strain. (Stress is 
a measure of force intensity, that is, force or load per unit area. Strain is a measure 
of deformation, that is, change in length divided by the original length.) This rela-
tion however is non-linear for moderate and large strain.
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The hydrostatic and osmotic pressures are related to the permeability of the disc 
and are mediated by the binding and releasing of water molecules by the aggrecans 
in the nucleus pulposus [41]. This diurnal and load responsive alteration in the water 
content of the disc is also referred to as the poroelastic behaviour of the disc [41].

1.2.4  Viscoelasticity

The nucleus pulposus is highly hydrated and has a gelatinous consistency. This 
makes it a classic example of a biological viscoelastic material, i.e. it demonstrates 
the properties of both fluid and solid. A fluid is defined as a substance that con-
stantly deforms when subjected to a shear stress (shear stress is a force applied 
tangential to a surface), irrespective of magnitude of the applied force. Solids, on 
the other hand, resist shear stress (though minimal initial deformation is possible) 
and do not continue to deform like fluids, reaching a state of equilibrium with the 
applied stress. In experimental conditions, it has been found that nucleus pulposus 
shows a fluid-like behaviour under slow deformation rates and solid-like behaviour 
under dynamic conditions; its behaviour varying as a function of the rate of loading 
[42]. The viscoelasticity of the nucleus pulposus is attributed to ionic or osmotic 
effects and non-ionic or solid effects related to the proteoglycans [43].

1.2.5  Nonlinearity

Non-linear response of the annulus fibrosus to stress refers to a response that is 
not proportional to the applied loading force. In other words, the stiffness of annu-
lus fibrosus varies with the magnitude of the applied load and is a property 
imparted by the collagen fibres. The annulus shows low stiffness for smaller 
deformations and higher stiffness for larger deformations [44–46]. This is related 
to the zigzag shape or “crimp” of the collagen fibres in the annulus and the grad-
ual “uncrimping” with increasing stretch [47, 48]. On application of a stretching 
force “crimp” of the collagen fibres is straightened, and the stiffness and load-
bearing capacity of the annulus increase with increasing stretch. Progressively 
further stretching after all the fibres are straightened can disrupt and break the 
collagen fibres. This important feature allows the annulus to restrain the swelling 
pressure in the nucleus pulposus.

1.2.6  Elasticity

The elastic properties of the annulus are related to its extra-fibrillary matrix, that is, 
the material excluding the collagen fibres. The elastic properties have been described 
in ex  vivo studies using shear and compression tests (which may be uniaxial or 
biaxial), obtaining the Young’s modulus (from the slope of stress and strain response) 
and using mechanical models.
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1.2.7  Anisotropy

Anisotropic behaviour of the disc is a property of the annulus. It means that the 
stress in the annulus fibrosus varies in different axes. This is a function of the col-
lagen fibre orientation with respect to the applied stress [20, 49].

1.3  Biomechanics of the Intervertebral Disc

1.3.1  Unloaded Disc

There are baseline forces at work within the intervertebral disc even in the absence 
of external loading. These forces arise mainly due to the internal tissue inhomoge-
neities within the disc. The higher proteoglycan concentration in the nucleus causes 
a higher hydrostatic and osmotic pressure within it. This is resisted in the axial plane 
by the vertebral endplates and in the radial plane by the tensile stress of the annulus, 
also referred to as the “hoop stress” (tensile stress tends to pull and elongate the 
material in the direction of applied force). These multidirectional “residual” stresses 
are present in the unloaded state within the disc and have been studied by measuring 
the opening angle after an incision on the annulus fibrosus of an animal disc and by 
needle pressure gauge studies [50–52]. When an external load is applied, it creates 
additional stresses on top of the baseline “residual” stress.

1.3.2  Response to Compression

Compression is a force that has the action of shortening the material in the direction 
of the applied force. The direction of axial compression on the disc is depicted sche-
matically in Fig. 1.3. The key function of the intervertebral disc is transmission of 
compression load in the spinal column, together with facet joints. The discs and 
facet joints work synergistically, the disc supports the compressive forces anteriorly 
and the facet joints posteriorly. To maintain spinal stability, the net load vector 
passes through the centre of rotation of each adjacent spinal motion segment in the 
sagittal axis, also described as follower load path [53]. Using this strategy, the spine 
can support static loading for physical tasks more than physiological demands while 
maintaining flexibility [54–56]. Muscle activation occurs in  vivo so that during 
static conditions, the primary loading of the disc is axial compression.

The amount of compression loading force on the disc depends on the weight of 
the upper body, action of the muscles and posture of the spine. For example in erect 
standing position and erect sitting position, the intervertebral disc transmits 84% 
and 100% of the compression load, respectively. The response of the disc depends 
on the duration of the loading, the frequency of change of loading and on the spinal 
level (cervical vs. lumbar).

The water content of the disc and movement of water inside and out of the disc 
are major determinants to the biodynamic mechanical behaviour of the disc to 
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compression loading [57–60]. The disc tends to maintain an equilibrium with 
respect to the external loading and internal disc swelling [61]. Upon application of 
a compressive load, the initial changes in the disc are different from the later 
changes. Initially, the hydrostatic pressure rapidly rises within the disc, more spe-
cifically, within its core, the nucleus pulposus. The nucleus pulposus behaves as an 
incompressible material and dissipates the pressure radially outwards to the annulus 
fibrosus and axially to the vertebral endplates—both of which restrain the nucleus 
pulposus. The hydrostatic pressure transferred to the outer fibres of the annulus 
causes them to experience a radial stretch or tensile stress and bulge outwards [62, 
63]. This outward tensile force on the annulus is schematically represented in 
Fig. 1.4. The lamellae of the annulus fibrosus also experience axial compressive 
stress, which causes the inner lamellae to buckle inwards. The inward buckling of 
these lamellae is counteracted by the circumferentially outwardly directed hydro-
static pressure from the nucleus pulposus, thus stabilising these lamellae. This 
mechanism fails in the degenerating disc, which allows the inner lamellae of annu-
lus to buckle inwards. The axial compression experienced by the inner fibres of 
annulus fibrosus is eventually transferred to adjacent vertebrae [63]. During pro-
longed external compressive loading, interstitial fluid is forced out of the nucleus 
pulposus towards the annulus and the endplates [64]. This causes a decrease in the 
disc height and increased outward bulging of the annulus. During this state, the 
nucleus pulposus bears less of the axial compression, and the contribution of the 
annulus fibrosus towards bearing the compression load increases [65].

As the fluid is expressed out from the nucleus pulposus, the concentration of the 
proteoglycans and fixed charge density within it increases. This causes a build-up of 

Fig. 1.3 Illustration of the direction of axial compressive force on the disc

1 Anatomy and Biomechanics of the Intervertebral Disc



10

osmotic pressure within the disc which tries to recover equilibrium [61]. The direc-
tion of water movement is reversed during rest, restoring the mechanical properties 
of the disc [66]. The water content is re-imbibed into the disc when the loading 
pressure is released, for example in supine position [67–70]. Sleeping or supine 
position is a low loading state that facilitates re-entry of fluid into the disc and 
decrease in disc osmolality. Correspondingly, the height of the disc (or its axial stiff-
ness) changes, showing reduction in height during the loading cycle (during the 
day) and increase in height in the recovery (sleeping) phase. In vivo MRI studies 
have shown an increase in the water content of the discs and increase in height of 
the discs after a night of rest [66, 71, 72].

The response of the disc to loading depends on the type of compression loading, 
whether it is static or dynamic, duration of the loading and the frequency of the 
loading. The responses to various loading and recovery protocols have been studied 
extensively in many animal models [64, 66, 73–75]. Since most of these properties 
have been studied by application of loads in cadaveric animal intervertebral disc 
experiments, it is worth keeping in mind that the biological properties of the discs 
studied in vitro may not precisely simulate the in vivo behaviour of discs in humans.

The healthy disc remains soft under low compression loads but stiffens under 
high compression loads, to increase the stability [76]. A degenerated disc is less 
hydrated than a disc in health and is unable to generate enough hydrostatic pressure, 
and the pressure transfer mechanisms fail [76]. As a consequence, the load is trans-
ferred predominantly to the annulus rather than the vertebrae. In other words, in a 
degenerating disc, the annulus is subjected to a larger tensile stress [63].

While the compressive load is absorbed by the healthy nucleus pulposus, tensile 
force is resisted by the healthy annulus fibrosus. As mentioned previously, due to its 
unique structure, the annulus fibrosus is able to resist the tensile stress transmitted 
to it by the nucleus pulposus [77]. The alignment of the fibres within the annulus is 
responsible for absorbing a high magnitude of the tensile stress [63].

Fig. 1.4 Illustration of the outwardly directed tensile stress on the annulus fibrosus
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1.3.3  Response to Bending and Torsion

Much of the stress exerted on the spine is due to changes in posture. Bending and 
torsional movements are common movements of the spine associated with activity. 
These result in a combination of shear, compression and tensile forces on the spine 
[59, 63, 78]. Bending forward (spinal flexion), backward (spinal extension) or lat-
eral bending are movements that result in rotation of the segments perpendicular to 
the axis of the spine. This causes a tensile stress on the annulus on the convex aspect 
of the spine and a compressive stress on the annulus on the concave aspect of the 
spine. For example on forward bending of the torso, the anterior annulus fibrosus 
experiences most of the compression. The outer fibres of the anterior annulus bulge 
outwards and the inner fibres of the anterior annulus buckle inwards. The posterior 
annulus on the other hand does not contribute to compression loading. It is sub-
jected instead to a tensile or stretching stress in the axial direction. The nucleus 
pulposus pressurises and shifts backwards (opposite to the direction of bending) 
[43]. Effectively, there is asymmetric distribution of forces in different aspects of 
the annulus, the one side under the tensile stress stretching and the other side bulg-
ing under the weight of the body [59, 63, 78].

Torsion of the spine along its long axis is resisted by the zygapophyseal joints 
and is limited to 1–3° during physical activities [79]. It causes a combination of 
tensile and shear stresses in the annulus. Shear stress occurs in the horizontal plane 
in relation to the axis of rotation and perpendicular to the annulus fibres. Shear 
stress on the disc is schematically shown in Fig. 1.5. The oblique orientation of the 
lamellae of annulus results in tensile stress being generated within the fibres resist-
ing the rotation [63] but not in the other fibres. When subjected to torsion, the 
peripheral or outer portion of the annulus is subjected to the largest stresses, thus 
developing the greatest strains. The strain on the annulus being directly proportional 
to the distance between the axis of rotation and the peripheral fibres [80, 81]. In the 
lumbar disc, this stress is maximum at the posterolateral portions of the annulus.

Therefore, bending and twisting movements of the spine when performed indi-
vidually or in combination, especially when superimposed with a compressive load, 
result in increased stress and strain on the intervertebral disc. The effects of these 

Fig. 1.5 Illustration of the shear stress acting on the disc in torsion
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movements are magnified when applied to an already degenerating disc and account 
for disc injury.

The physical forces acting on the disc are translated into chemical signals which 
induce a cellular response. The cellular responses influence the biomechanical 
properties of the disc. This is dealt within the subsequent section of 
mechanotransduction.

1.4  Mechanotransduction in Intervertebral Disc

Three-dimensional mechanical forces acting on the disc cause biological responses 
at a cellular level within the disc through the phenomenon of mechanotransduction. 
For example on application of a compressive load, there is a physical deformation 
or a decrease in height of the nucleus pulposus. This results in a series of important 
intracellular changes, such as gene expression, protein synthesis and proliferation in 
response to this mechanical stress.

The mechanical stimuli are received by receptors, the mechanoreceptors, located 
in the nerve endings that begin the biological response by firing an action potential. 
In the spine, mechanoreceptors have been found in the peripheral lamellae of the 
annulus fibrosus and the longitudinal ligaments, most populous of which are the 
Golgi tendon organs [77]. The others are Pacinian corpuscles and Ruffini endings 
[77]. The Golgi tendon organs are primarily related to pain stimuli while the others 
are related to posture [77, 82]. On stimulation by mechanical stress, the mechanore-
ceptors activate various pathways which depend on the type and magnitude of the 
load, the duration, frequency and the anatomical zone where it is applied. These 
pathways induce biological effects by altering the gene expression that affects intra-
cellular processes such as enzyme synthesis and apoptosis via signalling pathways 
[77]. The cellular pathways are different in a healthy disc versus a degenerated 
intervertebral disc, for example mechanosensing in healthy disc cells is via the 
arginine- glycine-aspartic acid (RGD) integrin protein whereas in the degenerated 
discs it is shown to trigger a different pathway that involves calcium [83, 84] and 
nitric oxide [84, 85].

On application of compressive stress, different responses are seen in distinct 
parts of the intervertebral disc. Most responses of the inner annulus fibrosus and the 
nucleus pulposus are similar, while the outer annulus fibrosus is not equally respon-
sive to low-to-moderate magnitudes of load [34]. The compressive stress also regu-
lates transport of nutrients and cell receptor signalling. Dynamic compression stress 
increases the oxygen concentration and consumption in the disc and reduces the 
accumulation of lactate [86]. On the other hand, static compression inhibits trans-
port and metabolism of oxygen and lactate [86]. When exposed to in vivo static 
compression, changes in the biosynthesis and gene expression for molecules such as 
collagen, proteoglycans and protease activation are reported in some studies [34]. 
Most studies have found that dynamic loading largely leads to an anabolic effect, 
while static loading leads to catabolism [34, 87]. Short periods of loading elevate 
gene expression of collagens I and II as well as proteoglycans (e.g. aggrecan, 
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decorin and biglycan) in isolated annulus fibrosus cells and long duration of loading 
disrupt the transport of oxygen and nutrients [34, 88]. The age of the cells also plays 
a role in the response to dynamic compression, the younger cells maintaining the 
homeostasis better than the mature cells [89].

These studies give a glimpse of how the mechanical forces of the three- 
dimensional environments of the cells regulate the cells and their most fundamental 
cellular processes through complex pathways.

1.5  Summary

To summarise, the structure of the intervertebral disc is closely coupled with its 
biomechanical properties, allowing the spine to sustain load and maintain flexibil-
ity. The biomechanics vary at different levels of the spine, there being more rotation, 
less compression in the cervical segments and more compression, less rotation in 
the lumbar segments. The constitution of the intervertebral discs and the morphol-
ogy of the facet joints are adapted for these mechanically different forces.

The composition of the central core of the intervertebral disc—the nucleus pulp-
osus is geared towards retaining hydration through its proteoglycan rich matrix, 
which bequeaths it with hydrostatic properties. The annulus fibrosus or the outer 
restraining ring of the intervertebral disc, on the other hand, is rich in type I collagen 
and has a unique cross-ply design so that it can withstand high tensile forces.

Mechanical and cellular responses to loads through alterations in gene expres-
sion, enzyme synthesis and signalling pathways maintain a complex homeostasis to 
preserve disc structure and execute repair pathways. Failure of these mechanisms to 
cope with the applied loads leads to injury and initiates degeneration of the disc. 
The understanding of the anatomy and the biomechanics of load transfer in the 
intervertebral disc is important in understanding how we perform our day-to-day 
activities in health.
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