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      The Intervertebral Disc: Overview 
of Disc Mechanics       

     Daniel   H.   Cortes    and    Dawn   M.   Elliott            

          2.1   Introduction 

 The vertebral column is the main structural element of the 
spine and is composed of the vertebrae and the intervertebral 
discs. The function of the vertebral column is to provide 
rigidity to the axial skeleton while allowing limited rotation 
and bending. The vertebrae are the osseous elements of the 
vertebral column and the spine. Each vertebra is composed of 
a vertebral body and posterior elements. The vertebral bodies 
resemble boxes of cortical bone  fi lled with trabecular bone. 
They are separated by the intervertebral discs, which are 
attached to the relatively  fl at surfaces at the top and bottom of 
the vertebral body. On the posterior side of the vertebral bod-
ies, a bony structure composed of pedicles and processes, 
known as the posterior elements, serves as anchor points for 
tendons and ligaments. Anatomical details of each of the ver-
tebrae that comprise the spine are presented in Chap.   1    . 
De fi nition of technical terms can be found in Box  2.1 . 

 The zygapophysial joint is an articular joint between the 
inferior and posterior articular processes of adjacent vertebrae. 
Like most articular joints, the zygapophysial joint comprises a 
capsule  fi lled with synovial  fl uid. Inside this capsule, the bones 
are covered by a thin layer of articular cartilage separated by 
the  fi broadipose meniscoids. The zygapophysial joints play an 
important role in the mechanics of the spine. These joints pre-
vent excessive axial rotation between the vertebral bodies, 
resist forward sliding of the superior vertebra, limit the amount 
of extension by the contact of the inferior articular process and 
the lamina of the vertebra below, and contribute to the trans-
mission of a fraction of the load. The ligaments and the joints 
connecting the vertebral bodies provide some passive stabil-
ity; the muscles surrounding the vertebral column, through an 
active mechanism, provide most of the stability of the spine 
during physical activity. A detailed description of spine mus-
cle anatomy, forces, and lines of action is outside of the scope 
of this chapter, but can be found in Adams et al.  (  2006  ) . 

 The intervertebral disc is the soft tissue in between the 
vertebral bodies. It is composed of three distinct tissues: 
nucleus pulposus, annulus  fi brosus, and the cartilaginous 
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endplates. Each of these tissues has a characteristic 
 composition and structure which provide them with special 
mechanical properties to perform their function. Their 
interaction enables the intervertebral disc to transmit loads 
while allowing a constrained  fl exibility between vertebral 
bodies. In a healthy disc, the nucleus pulposus is a highly 
hydrated gel-like material which is surrounded by the 
annulus  fi brosus and the cartilaginous endplates (Fig.  2.1 ). 
The main function of the nucleus pulposus is to support 
mechanical loads through hydraulic and osmotic pressure. 
The cartilaginous endplates are thin layers of cartilage that 
cover the central area of the vertebral body (Fig.  2.1a ). At 
the periphery of the vertebral body, not covered by the car-
tilaginous endplate, is the ring apophysis. The cartilagi-
nous endplates have an important role on the exchange of 
nutrients, waste products, and other metabolites between 
the nucleus and the blood vessels in the vertebral bodies. 
The annulus  fi brosus is composed of series of concentric 
layers with collagen  fi bers in alternating orientations 
(Fig.  2.1b ). The outer lamellae of the collagen  fi bers attach 
directly to the vertebral bodies while the inner lamellae 
attach to the cartilaginous endplates. The annulus  fi brosus 
provides a lateral con fi nement of the nucleus pulposus, 
supports vertical loads, and limits the amount of motion 
between the vertebral bodies.  

 The intervertebral disc undergoes biochemical and struc-
tural changes due to aging and degeneration. Biochemical 
changes include a decrease of proteoglycan content, an 
increase in protein cross-linking, and changes in the collagen 
type and distribution. The biochemical changes during 
degeneration are similar to those of aging; they are charac-
terized by occurring in a faster rate and accompanied by 
structural changes that impair disc function. Structural 
changes observed during degeneration include a decrease in 
disc height, inward and outward bulging of the annulus 
 fi brosus, and loss of its lamellar organization. The objective 
of this chapter is to describe the mechanical behavior of the 
individual tissues of the intervertebral disc and then analyze 
how they work together in different loading scenarios. In 
addition, the effects of degeneration on the mechanics at the 
tissue and disc levels are described.  
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  Fig. 2.1    Schematic 
representations of the adult 
intervertebral disc. ( a ) Midsagittal 
cross section showing anatomical 
regions. ( b ) Three-dimensional 
view illustrating AF lamellar 
structure (Adapted from Smith 
et al.  2011  )        

  Box 2.1 Glossary of Mechanical Terms   
  Stress    Stress is the force intensity and is calculated as 
applied load divided by area over which it is applied. 
Stress is classi fi ed into normal (perpendicular to the 
surface) and shear (along the surface) stresses.   
  Strain    Strain is a measurement of deformation. 
Similar to stress, there are normal and shear strains. 
Normal strain is de fi ned as change in length divided by 
original length. Shear strains are related to the change 
in angle.   
  Poisson’s ratio    When a sample is stretched it contracts 
in the lateral direction. The Poisson’s ratio is the lateral 
contraction divided by the longitudinal stretch. This 
mechanical property is related to the compressibility 
of the material. A material with a Poisson’s ratio of 0.0 
does not exhibit any lateral contraction, while a mate-
rial with a Poisson’s ratio of 0.5 is incompressible.   
  Stiffness    The stiffness is a measure of the resistance 
to deformation. It is de fi ned as force divided elonga-
tion. The stiffness depends not only on the material 
itself, but also on the size of the object.   
  Modulus    The modulus is related to the stiffness, 
except that the effects of object size are eliminated, 
therefore, the modulus is a material property. Modulus 
is calculated as stress divided by strain.   
  Anisotropy    A material is anisotropic if its mechanical 
properties are different depending on direction of load. 
For instance, in the annulus  fi brosus or other  fi brous 
tissues, collagen  fi bers create direction-dependent 
anisotropy.   
  Viscoelasticity    A material is viscoelastic when its 
mechanical behavior changes over time or as a func-
tion of the speed at which the loads are applied. The 
viscoelastic properties of a material are usually mea-
sured using  creep  or  stress relaxation tests . In a creep 
test, a load is applied to the material and the deforma-
tion increases over time. In a stress relaxation test, a 
deformation is applied and the stress decreases over 
time.     
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    2.2   Structure–Function 
of Intervertebral Disc Tissues 

 Although many studies have shed light on the 
 structure–function relationships for the tissues that form 
the intervertebral disc, this is still an ongoing research 
topic, the aim of which is to describe the mechanical 
behavior of healthy tissues, the effects of degeneration, 
and the implications of disc mechanics on the cell biology. 
Recent  fi ndings on the structure–function relationships of 
the tissues of the intervertebral disc are presented in the 
following sections. 

    2.2.1   Osmotic Effects 

 The tissues of the intervertebral disc are mainly composed of 
water, proteoglycans, and collagen (Eyre  1979  ) . The relative 
content of each of these components differs from tissue to 
tissue. For instance, the nucleus pulposus has the highest 
proteoglycan content, while the annulus  fi brosus has the 
highest collagen content (see Chaps.   3     and   4    ) (Eyre and Muir 
 1976  ) . The differences in relative content of these individual 
components and their organization provide these disc tissues 
with their special mechanical properties. For example, it is 
well known that due to its higher collagen content and  fi ber 
organization, the annulus  fi brosus has a superior tensile load-
ing capacity. In a similar way, the high proteoglycan content 
of the nucleus pulposus provides the tissue with high com-
pressive properties. However, since the tissues in the disc 
have similar  components, they also share some mechanical 
behaviors, speci fi cally, the osmotic effects which re fl ect the 
proteoglycan high negative charge density (Urban and 
Maroudas  1981  ) . The osmotic effects have important impli-
cations on the mechanics of the disc. For instance, the osmotic 
pressure causes a deformation of the tissue usually known as 
osmotic swelling. This swelling pressure induces tensile 
stresses and increases the stiffness of the tissue. This osmotic 
swelling also draws water into these tissues keeping the disc 
hydrated. Since the osmotic effects play an important role in 
the mechanics of all disc tissues, this section provides a brief 
description of the relationship between composition and 
osmotic effects. 

 The osmotic effects are mediated by the proteoglycan 
content of the tissue (Maroudas and Bannon  1981 ; Urban 
et al.  1979  ) . Proteoglycans are large molecules composed of 
many glycosaminoglycan units attached to a long core pro-
tein. Glycosaminoglycans are chains of polysaccharides that 
at a physiological pH present an excess of negatively charged 
ions (Comper and Laurent  1978  ) . The molecular structure of 
proteoglycans and glycosaminoglycans is discussed in great 
detail in Chap.   4    . Due to their large size, proteoglycans are 
trapped in the network of collagen  fi bers. Therefore, collagen 

and proteoglycans form a charged, porous, deformable solid 
material which is embedded in a solution of water and ions 
(Urban and Maroudas  1981  ) . The amount of negative charges 
attached to the solid is quanti fi ed by the  fi xed charge density. 
At equilibrium, the balance of chemical potentials results in 
an increase of osmotic pressure ( p ), which is a function of the 
 fi xed charge density and the ionic strength of the surrounding 
 fl uid (Overbeek  1956  ) . Assuming an ideal solution for the 
interstitial  fl uid and external solution, the osmotic pressure 
can be expressed as

        (1)  

where  R  is the universal gas constant,  T  is the absolute tem-
perature,  c  

fc
  is the  fi xed charge density, and  c  

b
  is osmolarity 

of the surrounding  fl uid bath. 
 The osmotic pressure and the external applied forces 

result in deformation of the solid component of the tissue, 
which in turn alter the  fi xed charge density ( c  

fc
 ). That change 

can be quanti fi ed by

        (2)  

where     fc0c   and     0
fφ   are the  fi xed charge density and the water 

content at the reference con fi guration, respectively, and  J  
is the ratio between the volume at the deformed and refer-
ence con fi gurations. The reference con fi guration, usually 
de fi ned as the con fi guration where stresses are zero, plays 
an important role in the calculation of the osmotic 
pressure.  

    2.2.2   Nucleus Pulposus 

 The nucleus pulposus is the gelatinous core of the interverte-
bral disc and it is composed of water (70–85 % of total weight), 
proteoglycans (30–50 % of dry weight), collagen (20 % of dry 
weight), and other minor proteins (Adams and Muir  1976 ; 
Eyre  1979  ) . Aggrecan is the most abundant  proteoglycan in 
the nucleus pulposus, followed by other proteoglycans such as 
decorin (Melrose et al.  2001  ) . Aggrecan contains keratan and 
chondroitin sulfate chains which interact with hyaluronic acid 
 fi laments forming large molecules that are trapped in the col-
lagen network (Kiani et al.  2002  ) . These side chains are nega-
tively charged; consequently, positively charged Na +  ions bind 
to these chains creating an accumulation of cations inside the 
nucleus pulposus. Since the glycosaminoglycans are not able 
to diffuse out of the nucleus pulposus, there is a permanent 
difference of the concentration of cations compared to the sur-
rounding environment. This unbalance of cations is the cause 
of the osmotic pressure in the disc. 
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 Collagen II is the most abundant type of collagen in the 
nucleus pulposus and other compression-bearing tissues 
such as articular cartilage (Eyre and Muir  1976  ) . Unlike 
articular cartilage, collagen II forms an unorganized  fi ber 
network in the nucleus pulposus. A recent study showed that 
long  fi bers in the nucleus pulposus continuously connect 
both endplates (Wade et al.  2011  ) . In an intact disc, these 
 fi bers are much longer than the disc height; they fold in a 
rather arbitrary con fi guration and can withstand substantial 
tension when unfolded. Experimentally, however, since it 
was necessary to cut the annulus  fi brosus to separate the end-
plates, it is unlikely that the nucleus pulposus  fi bers experi-
ence high levels of tension under physiological conditions. 
This is different from articular cartilage, where  fi bers are 
highly organized and experience substantial tension due to 
the osmotic swelling (Ateshian et al.  2009 ; Cavalcante et al. 
 2005  ) . In the case of the nucleus pulposus, the osmotic and 
hydrostatic pressure is supported axially by the endplates 
and radially by tensile (hoop) stresses in the annulus  fi brosus. 
Consequently,  fi bers are not required to hold the nucleus pul-
posus in place as is the case in articular cartilage. 

 Due to its high levels of hydration and gelatinous consis-
tency, the mechanical behavior of the nucleus pulposus has 
characteristics of both a  fl uid and a solid (Iatridis et al. 
 1996  ) . Consequently, the nucleus pulposus is usually treated 
as a viscoelastic material. The mechanical properties of the 
nucleus pulposus have been investigated mainly through tor-
sion and compression tests (Heneghan and Riches  2008a,   b ; 
Iatridis et al.  1997a,   b ; Johannessen and Elliott  2005 ; Perie 
et al.  2005  ) . Con fi ned compression has been typically used 
to measure several mechanical properties of the nucleus 
pulposus such as aggregate modulus and permeability 
coef fi cients (Johannessen and Elliott  2005  ) . It is measured 
by axially compressing a cylindrical sample in a chamber 
that prevents lateral expansion. Although physiologically 
the nucleus pulposus is not fully con fi ned or fully 
uncon fi ned, con fi ned compression tests have been gener-
ally accepted to characterize its compressive behavior. For 
small deformations (around 5 %), the nucleus pulposus can 
be considered to have a constant permeability and exhibits 
a linear relationship between stresses and strains 
(Johannessen and Elliott  2005  ) . However, the properties are 
strain dependent (i.e., nonlinear) for moderate and large 
strains (Heneghan and Riches  2008a  ) . Table  2.1  presents a 

summary of nucleus pulposus values obtained using 
con fi ned compression.  

 The elastic behavior of the nucleus pulposus can be appor-
tioned in terms of the contribution of osmotic (ionic) and 
solid tissue (nonionic) effects. The contribution of the 
osmotic effects to the compressive properties has been mea-
sured by eliminating the osmotic effects using a surrounding 
medium with high osmolarity or by reducing the proteogly-
can content via enzymatic digestion (Heneghan and Riches 
 2008a ; Perie et al.  2006b  ) . When a high ionic concentration 
medium was used, the compressive properties of the bovine 
nucleus pulposus were reduced to 20–30 % of the value mea-
sured in isotonic (physiological) medium concentrations. 
Therefore, the contribution of the osmotic effects to the stiff-
ness and load support of the nucleus pulposus is approxi-
mately 70–80 %. The contribution of the osmotic effects was 
almost constant through a wide range of applied deforma-
tions (0–70 % compressive strains). If the proteoglycans are 
removed by enzymatic digestion, a reduction of 20- to 
30-fold was observed in the compressive properties of 
the nucleus pulposus (Perie et al.  2006b  ) . This suggests that 
the proteoglycans also have a nonionic contribution to the 
mechanics of the nucleus pulposus. Evidence of the nonionic 
contribution of the proteoglycans has been reported for other 
tissues such as articular cartilage (Canal Guterl et al.  2010  ) . 

 Viscoelastic or frequency-dependent properties of the 
nucleus pulposus have been analyzed using torsion tests 
(Iatridis et al.  1997a,   b  ) . Stress relaxation tests measured an 
instantaneous shear modulus around 11 kPa. However, the 
shear stress rapidly relaxed to near-zero values suggesting a 
 fl uid-like behavior. In dynamic torsion tests, a shear modulus 
of ~20 kPa and a phase shift (the delay between strain and 
stress measured in terms of degrees) of ~30° were measured. 
For comparison, the dynamic modulus of articular cartilage 
is 600–1,000 kPa, the modulus for the meniscus is 540 kPa, 
while proteoglycan solutions are 0.01 kPa (Hardingham 
et al.  1987 ; Zhu et al.  1993,   1994  ) . Values of phase shift of 
13° for cartilage, 22° for meniscus, and 65° for proteoglycan 
solutions have been reported. Since the phase shift for the 
nucleus is lower than 45°, it suggests a more solid-like 
dynamic behavior. 

 The studies discussed above illustrate the complexity of 
the mechanical behavior and structure–function relationships 
of the nucleus pulposus. The contribution of osmotic pressure 

 Study   H  
A
  (kPa)    l    NP tissue  s-GAG (% dry wt.) 

 Heneghan and
Riches  (  2008a  )  

 69–1,650  1.0–0.3  Bovine tail  24 

 Perie et al.  (  2005  )   350–520  1.0–0.8  Bovine tail 
 Perie et al.  (  2006a  )   ~600  1.0–0.6  Bovine tail  ~35 
 Perie et al.  (  2006b  )   ~400–510  1.0–0.8  Bovine tail  ~42 
 Johannessen and
Elliott  (  2005  )  

 1,010  0.95  Human  44 

   Table 2.1    Aggregate modulus ( H  
A
 ) 

as a function of the stretch ratio (  l  ) 
and glycosaminoglycan content for 
the nucleus pulposus   
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and the blend between exhibiting characteristics of  fl uid and 
solid mechanics pose a dif fi cult challenge to model and also 
complicate the prediction of deformations during physiologi-
cal loading. Nonetheless, it is important to understand and 
characterize the mechanics of the nucleus pulposus as it 
in fl uences cell function and impacts predictions related to 
mechanically induced injuries and regeneration.  

    2.2.3   Annulus Fibrosus 

 Similar to the nucleus pulposus, the annulus  fi brosus is com-
posed mainly of proteoglycans and collagen, although the 
relative content and organization of its components are sub-
stantially different. In the healthy human annulus  fi brosus, 
the water content is 50 %, collagen is approximately 70 % of 
the dry weight, and proteoglycans make up to 10 % of the 
dry weight (Eyre and Muir  1976 ; Eyre  1979  ) . The annulus 
 fi brosus is subjected to both tensile and compressive stresses 
during physiological loading. Consequently, it has high col-
lagen content similar to other tension-bearing tissues such as 
tendon and ligaments. Proceeding from the outer to the inner 
annulus, there is an decrease in the ratio of collagens I to II, 
and the amount of proteoglycan rises. This pro fi le re fl ects a 
change in the loading environment from more tension in the 
outer annulus  fi brosus to more compression towards the 
nucleus pulposus (Eyre and Muir  1976  ) . In a similar way, in 
the outer annulus  fi brosus, collagen  fi bers insert directly to 
the cortical bone of the vertebrae and not to the endplate as 
in the case of inner annulus  fi brosus, again probably re fl ecting 
the higher tensile loads present in the outer annulus  fi brosus 
(Nachemson  1963 ; Wu and Yao  1976  ) . 

 Noteworthy, in the annulus, collagen  fi bers are arranged in 
concentric lamellae with alternating orientations (Fig.  2.1b ). 
The angle between  fi ber directions of adjacent lamellae changes 
from ~60° to the spinal axis in the outer annulus  fi brosus to 
~90° in the inner annulus  fi brosus (Cassidy et al.  1989 ; Guerin 
and Elliott  2006a ; Hickey and Hukins  1980  ) . This arrangement 
provides the annulus with a series of important mechanical 
properties, including anisotropy (direction dependence). Since 
the  fi bers play such an important role in the mechanics of the 
annulus  fi brosus, this tissue can be analyzed as a combination 
of  fi bers and an isotropic material known as extra fi brillar 
matrix (Spencer  1984  ) . As its name indicates, the extra fi brillar 
matrix represents all the solid components of the annulus 
 fi brosus, except  fi bers. 

 One of the more important characteristics of the mechan-
ics of collagenous tissues is nonlinearity. The nonlinearity of 
the  fi bers is characterized by a low stiffness region for small 
deformations, known as toe region, followed by a transition 
(heel) region and a much stiffer linear region (Guerin and 
Elliott  2007 ; Wu and Yao  1976  ) . Collagen  fi bers, in most 
tension-bearing tissues, have a hierarchical organization from 

 fi brils to large collagen bundles or fascicles (Kastelic et al. 
 1978  ) . Collagen  fi bers in these tissues have a wavy or zig-
zag shape commonly known as crimp (Diamant et al.  1972 ; 
Kastelic and Baer  1980  ) . When the  fi bers are stretched, the 
 fi bers progressively straighten with minimal resistance; i.e., 
a negligible force is required to uncrimp the  fi bers. The 
amount of stretch required to straighten the  fi ber is known 
as uncrimping stretch. Once a  fi ber is straight, it starts taking 
load (Fig.  2.2 ). The uncrimping stretch is not same for all 
 fi bers in a tissue. For small deformations, few  fi bers with a 
small uncrimping stretch are straightened as they accommo-
date the load. Consequently, the stiffness of the tissue is low. 
Progressively, all the  fi bers stretch and contribute to load sup-
port resulting in high tissue stiffness (Fig.  2.2 ). If the tissue 
is further stretched,  fi bers will fail by several possible mecha-
nisms including breakage and  fi ber pullout.  

 All the other components of the annulus  fi brosus (except 
the  fi bers) are usually treated as a single material known 
as extra fi brillar matrix. Since the  fi bers contribute to the 
mechanics of the annulus  fi brosus when they are in tension, 
the matrix characterizes the compressive properties of the 
annulus  fi brosus. Other properties, including permeabil-
ity and diffusivity of solutes, are also attributed to matrix. 
For simplicity, the elasticity of the matrix has been consid-
ered isotropic, which means that the elastic properties (i.e., 
Young modulus and Poisson’s ratio) are same in all direc-
tions. Although the matrix includes some  fi brillar compo-
nents such as elastin and protein cross bridges, their content 
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  Fig. 2.2    The tensile stress–strain response of collagenous tissues, such 
as annulus  fi brosus, can be divided into several regions, corresponding 
to different mechanisms. In the toe region, the contribution of  fi bers is 
small due to  fi ber crimping. In the heel region, the increase in stiffness 
is due to  fi ber straightening. In the linear region, most of the  fi bers are 
straight and contributing to the high tensile stiffness       
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is small and unlikely to signi fi cantly alter the assumption of 
isotropy. However, transport properties such as permeability 
and diffusivities have been shown to be anisotropic (Gu et al. 
 1999 ; Travascio and Gu  2011  ) , which means that there are 
directions where the  fl uid and solutes can  fl ow or move with 
less resistance. 

 The tensile properties of the annulus  fi brosus have 
been characterized using uniaxial and biaxial tension 
tests (Jacobs et al.  2013 ; Nerurkar et al.  2010  ) . In uniaxial 
tests, a strip of tissue is cut from the annulus  fi brosus in a 
given orientation (circumferential, axial, radial, or along 
the  fi bers), and the force required to stretch the sample is 
recorded as a function of the applied strain. The Poisson’s 
ratio can be measured by recording the lateral contrac-
tion of the sample during the test. The Young modulus 
is calculated from the slope of the stress–strain response. 
A summary of these properties is presented in Table  2.2 . 
The Young modulus is higher in the disc’s  circumferential 
direction than the axial. This is expected since the  fi bers 
are oriented closer in the circumferential direction; there-
fore,  fi bers are not stretched during axial loading so that 
modulus is primarily due to the matrix.  

 Biaxial loading is another tensile test used to quantify 
annulus  fi brosus mechanics. It is thought that biaxial load-
ing more closely resembles multiaxial physiological load-

ing of the annulus  fi brosus (Bass et al.  2004 ; Gregory and 
Callaghan  2011 ; Huyghe  2010 ; Jacobs et al.  2013 ; 
O’Connell et al.  2012  ) . For this test, a rectangular thin sam-
ple is gripped on all four sides and loads are applied in two 
directions (Fig.  2.3 ).  Two-dimensional deformations are 
optically recorded during the test. Unlike a uniaxial test, 
there is not a direct relationship between the slope of these 
curves and the elastic properties of the annulus  fi brosus; the 
forces (or stress) in one direction are affected by the defor-
mation applied to the other direction (O’Connell et al. 
 2012  ) . Consequently, the data from biaxial tests are ana-
lyzed through the use of a model. The advantage of using 
biaxial experiments to characterize the mechanics of the 
 fi bers is that the values obtained through these types of tests 
can be used to predict the response of the annulus  fi brosus 
in uniaxial tests and with other biaxial strain ratios 
(O’Connell et al.  2012  ) .  

 Since the collagen  fi bers only contribute to the mechanics 
of the annulus  fi brosus in tension, the elastic properties of the 
extra fi brillar matrix can be measured through con fi ned com-
pression tests (Cortes and Elliott  2012 ; Drost et al.  1995 ; 
Klisch and Lotz  2000 ; Perie et al.  2005  ) . This test provides 
the aggregate modulus, measured as a function of strain. 
Similar to the nucleus pulposus, the mechanical behavior of 
the matrix depends on contributions from the osmotic pres-
sure and the nonionic extra fi brillar matrix (Cortes and Elliott 
 2012  ) . In this manner, the mechanical properties of this 
extra fi brillar matrix can be measured in tension and com-
pression by applying osmotic swelling and con fi ned com-
pression simultaneously. The nonionic extra fi brillar matrix is 
nonlinear with a higher stiffness in compression (~50 kPa) 
than in tension (~10 kPa), and the contribution of the osmotic 
pressure in the support of the applied loads is high (~70 % of 
total) when the EFM is in compression and low (~25 %) 
when in tension. 

  Fig. 2.3    In a biaxial test of annulus  fi brosus, a sample is loaded simultaneously in the axial and circumferential direction       

   Table 2.2    Linear region moduli of nongenerated (ND) and  degenerated 
(D) annulus  fi brosus tissue (Elliott and Setton  2001 ; Guerin and 
Elliott  2006b  )    

 Circumferential  Axial  Radial 

 ND  D  ND  D  ND  D 

 Inner anterior  5.6–10.0  5.0  1.0  –  –  – 
 Outer anterior  17.0–29.0  22.0–29.0  0.8  –  0.4–0.5  0.4 
 Inner posterior  2.0–6.0  4.0  –  –  0.5  – 
 Outer posterior  13.0–19.0  8.0  –  –  –  – 
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 Shear tests have been used to determine elastic and vis-
coelastic properties of the annulus  fi brosus. Elastic shear 
properties have been measured by applying simple shear 
tests (Fujita et al.  2000 ; Hollingsworth and Wagner  2011 ; 
Iatridis et al.  1999 ; Jacobs et al.  2011  ) . Since the  fi bers have 
a contribution during this test, the shear modulus is anisotro-
pic with a higher modulus in the circumferential–axial plane 
where the  fi bers experience stretches (Table  2.3 ). On the 
other hand, torsion tests have been used to measure vis-
coelastic properties of the annulus  fi brosus (Iatridis et al. 
 1999  ) . The dynamic modulus increases with frequency. Both 
equilibrium and dynamic modulus decrease with shear strain 
amplitude. The highly viscoelastic nature of the annulus 
 fi brosus is evidenced by the threefold increase of the dynamic 
modulus over the equilibrium modulus.  

 Although separating the mechanics of the annulus  fi brosus 
into  fi bers and matrix is very convenient and describes much 
of the mechanical behavior of annulus  fi brosus, there are inter-
actions between these components. Speci fi cally, the stiffness 
of the matrix increases with the stretch of the  fi bers (Guo et al. 
 2012  ) . To account for these effects, several  fi ber–matrix and 
 fi ber– fi ber interactions have been formulated in terms of the 
strain perpendicular and along the  fi bers (Guerin and Elliott 
 2007 ; O’Connell et al.  2009,   2012 ; Wagner and Lotz  2004  ) . 
These interactions have more accurately described the mechan-
ical behavior of the annulus  fi brosus. It has also been suggested 
that shear interactions are essential to obtain a good simultane-
ous prediction of uniaxial, biaxial, and shear experimental data 
(Hollingsworth and Wagner  2011 ; O’Connell et al.  2012  ) . 

 While many aspects of the mechanical behavior of the 
annulus  fi brosus have been well described, this is still an 
active area of research. Special attention needs be given to 
relations between interactions and composition of the annu-
lus  fi brosus and the contribution of these interactions to 
mechanics of the disc. Additionally, these interactions 
between components should be replicated in engineered tis-
sues that are currently being investigated as therapeutic alter-
natives (Mauck et al.  2009 ; Nerurkar et al.  2010  ) .  

    2.2.4   Cartilaginous Endplate 

 The biomechanics of the cartilaginous endplate has been far 
less studied than other disc tissues. The endplate is the inter-
face between the nucleus pulposus and inner annulus  fi brosus 

with the vertebral bodies (Fig.  2.1a ). It covers most of the 
vertebral endplate except for a small ring in the periphery 
called the ring apophysis. The thickness of the cartilaginous 
endplate varies: it is thinnest in the center (~0.2 mm) and 
thickest in the periphery (~0.9 mm) (Moon et al.  2013 ). The 
composition of the cartilaginous endplate is similar to that of 
hyaline cartilage, which is characterized by a high proteogly-
can and collagen II content. The water content of human 
endplate is 58 % of the wet weight, the s-GAG content is 
17 % of the dry weight, and the total collagen content is 
60–80 % of dry weight (Setton et al.  1993  ) . The cartilagi-
nous endplate plays an important role in the transport of 
nutrients and other metabolites into the nucleus pulposus and 
the inner portion of the annulus  fi brosus. 

 The mechanics of the cartilaginous endplate has been 
measured using con fi ned compression tests (Setton et al. 
 1993  ) . The aggregate modulus of the baboon endplate is 
0.44 MPa. The hydraulic permeability (14.3 × 10 −14  m 4 /Ns) is 
considerably higher than values of 0.09 × 10 −14  m 4 /Ns and 
0.153 × 10 −14  m 4 /Ns for the human annulus  fi brosus and 
nucleus pulposus, respectively. The high permeability value 
suggests that its main function is to allow the transport of 
 fl uids, nutrients, and waste products to the cells in the nucleus 
pulposus and part of the annulus  fi brosus.   

    2.3   Intervertebral Disc Mechanics 

 In the previous sections, the mechanics of individual disc tis-
sues were described separately. However, these tissues interact 
with each other providing the disc with a special mechanical 
behavior. In a similar way, a disruption or a change in mechan-
ical properties of one of these tissues causes an impairment of 
the mechanical function of the overall disc. In this section, disc 
mechanics are presented as the contribution of individual tis-
sues during a given loading scenario. First, the residual stresses 
in the unloaded disc are brie fl y described. Then, the mechanics 
of the intervertebral disc are analyzed for three of the most 
important loads: axial compression, bending, and torsion. 

    2.3.1   Stress and Strain in the Unloaded Disc 

 Before analyzing the mechanics of the disc under different 
types of loading scenarios, it is important to understand the 

 Type of test  Location 

 Orientation 

 Circ-radial  Circ-axial  Radial-axial 

 Simple shear – compressive preload  Anterior  28.92  58.56  40.16 
 Simple shear – compressive preload  Posterolateral  22.2  53.6  25.1 
 Simple shear – tensile preload  Anterior  –  193.6  – 
 Torsion shear – equilibrium  Anterior  20–100  –  – 
 Torsion shear – dynamic  Anterior  100–280  –  – 

   Table 2.3    Shear modulus (kPa) 
of human annulus  fi brosus: effects 
of sample orientations and location 
and type of test   
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impact of internal stresses and strains on the unloaded disc. 
As described above, at the tissue level, the osmotic pressure 
is balanced by tensile or “residual” stresses. In a similar way, 
at the disc level, there are residual stresses and strains due to 
osmotic effects caused by tissue proteoglycans, are present 
even in the absence of applied loads. When external loads are 
applied to the disc, additional stress builds up above that of 
the residual stress. There are several mechanisms, at differ-
ent scales, contributing to residual stress (Lanir  2009  ) . At the 
micro-level, the interaction between proteoglycans, ions, 
water, and the collagen network produces an osmotic pres-
sure that contributes to the total stress of the tissue. At the 
meso-level, residual stress arises from inhomogeneities 
within the tissues, e.g., the gradient of proteoglycan and col-
lagen content from inner and outer annulus. Residual stress 
at meso-level has been recently measured in terms of the 
opening angle after a radial cut in bovine annulus  fi brosus 
rings (Michalek et al.  2012  ) . This effect is similar to that 
observed in aortic arteries, where differences in proteogly-
can content between the media and the adventitia contribute 
to this component of the residual stress (Azeloglu et al.  2008 ; 
Chuong and Fung  1986  ) . At the disc level, residual stress is 
also generated by the interaction between different tissues 
(nucleus pulposus, annulus  fi brosus, endplates, and vertebral 
bodies). The high proteoglycan content of the nucleus pulpo-
sus results in a signi fi cant osmotic pressure. This pressure 
has been measured in vitro and in vivo using a needle pres-
sure gauge (Nachemson  1981 ; Panjabi et al.  1988 ; Wilke 
et al.  1996,   1999  ) . The radial expansion of the nucleus is 
constrained by the annulus  fi brosus through tensile stresses 
in the circumferential direction (hoop stress) and compres-
sion stress in the radial direction. Similarly, the osmotic pres-
sure in the nucleus tends to vertically separate the vertebral 
bodies, which are held in place by tensile stresses in the 
annulus  fi brosus in the axial direction. All these  contributions 
to the residual stress of the disc create a multidirectional and 
inhomogeneous initial state of stresses and strains that must 
be considered for the analysis of disc mechanics.  

    2.3.2   Compression Mechanics 

 Axial compression loading of the spine is of major 
 physiological importance and arises from the weight of the 
upper body and by forces exerted by the muscles in the trunk 
during common daily activities. Compression loads are 
transmitted from vertebra to vertebra through the interverte-
bral disc and the zygapophysial joints in proportion to body 
posture. For instance, 84 % of the compressive load is trans-
mitted through the intervertebral disc in the erect standing 
posture, whereas 100 % of the load is transmitted through the 
disc in the erect sitting posture (Adams and Hutton  1980  ) . 
Although the compressive load to the intervertebral disc 

changes with posture and activity, the mechanism by which 
the different tissues of the intervertebral disc interact to sup-
port this load is the same. In this section, the interaction 
between disc tissues is described for compressive loads over 
short and long periods of time. 

 After a compression load is applied to the disc, the imme-
diate mechanics are different from that measured at longer 
time intervals. Immediately after the load has been applied, 
the tissues in the disc can be considered to be incompressible 
materials; due to the low permeability of the disc tissues, 
there is insuf fi cient time for interstitial  fl uid  fl ow (Ateshian 
et al.  2007  ) . In this loading state, the interstitial  fl uid in the 
nucleus pulposus pressurizes, supporting a fraction of the 
load. Since the nucleus pulposus behaves as an incompress-
ible material, it tends to expand radially. However, since it is 
contained by the annulus  fi brosus, there is a large tensile 
strain in the circumferential direction and outward bulging of 
the annulus (Tsantrizos et al.  2005  ) . The applied load is sup-
ported by the lamellae through compressive stress in the axial 
direction. As a result, the compressive load causes the lamel-
lae in the inner annulus  fi brosus to buckle towards the nucleus 
pulposus; of course, this is opposed by the outward pressure 
exerted by the nucleus pulposus. Inward buckling of the 
inner annulus  fi brosus is evident in the degenerate disc due to 
a decrease in the internal pressure of the nucleus pulposus 
associated with altered osmotic pressure and permeability 
changes (Sasaki et al.  2001 ; Sato et al.  1999 ; Wang et al. 
 2010  ) . From this perspective, pressurization of the nucleus 
pulposus is of critical importance not only to carry part of the 
compressive load but also to provide stability to the lamellae 
in the radial direction. 

 During the diurnal loading cycle, the disc is subjected to a 
prolonged period of compression followed by a period of 
low-load recovery. If the load on the disc is maintained for 
some hours, the pressurized interstitial  fl uid will  fl ow to 
regions of lower pressure through the annulus  fi brosus and 
the endplate (van der Veen et al.  2007  ) . During this process, 
the disc height decreases while the outward bulging of the 
annulus  fi brosus increases (O’Connell et al.  2007  ) . In addi-
tion, the nucleus pulposus depressurizes, reducing its 
 contribution to load and increasing the axial compression of 
the annulus  fi brosus (O’Connell et al.  2007  ) . In this “relaxed” 
state, the tissues in the disc interact, as described above for 
instantaneous loading; however, the relative contribution of 
each of the tissues changes. After relaxation, the osmotic 
pressure in the healthy nucleus pulposus does not vanish 
completely. In fact, due to osmotic effects the remaining 
intradiscal pressure is largely responsible for hydration 
recovery and mechanics during the resting period of the diur-
nal cycle (O’Connell et al.  2011 ; van der Veen et al.  2007  ) . 

 Nutrient and metabolite exchange during loading and 
unloading is essential for disc cell viability. In this process, 
nutrients and metabolites are brought to, and waste byproducts 
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expelled from, the disc by diffusion and convection (Das et al. 
 2009 ; Ferguson et al.  2004 ; Holm et al.  1981 ; Shirazi-Adl et al. 
 2010 ; Soukane et al.  2007 ; Urban et al.  1978,   1982,   2004  ) . The 
rate at which  fl uid leaves the disc depends on the hydraulic 
permeability and diffusivity of its component tissues. Since the 
hydraulic permeability of the endplate is higher than the annu-
lus  fi brosus, it should enhance aqueous  fl ow through the end-
plate (Setton et al.  1993  ) . Moreover, from the periphery 
(endplates and outer annulus) to the center of the disc, there is 
a change in metabolite concentration. Numerical simulations 
have also shown that the concentrations of glucose and oxygen 
are low close to the center of the disc, whereas lactic acid, 
which is the major metabolite, has a reverse distribution 
(Jackson et al.  2011 ; Soukane et al.  2007  ) . Recent studies are 
aimed at improving the accuracy of the numerical models by 
considering anisotropy and nonlinearity of elastic,  fl ow, and 
diffusion properties (Chuang et al.  2010 ; Jackson et al.  2008  ) .  

    2.3.3   Flexion/Extension and Lateral Bending 

 Flexion/extension and lateral bending are spine movements 
required for many daily activities. Flexion and extension are 
terms used when the trunk bends forward and backward, 
respectively. In a well-aligned spine, a neutral position is 
observed when standing upright. However, the natural curva-
ture of the spine changes during daily activities such as sit-
ting or lifting a weight. This curvature change is the sum of 
the relative rotations between each of the vertebral bodies, 
each of which produce internal strains and stresses in the 
disc. To quantify the mechanics of the disc under this type of 
motion, the forces and moments can be estimated by moni-
toring muscle activity. However, this approach has been 
shown to be inconsistent (Potvin et al.  1991  ) . A better 
approach to estimating forces and bending moments consists 
of determining the correlation between in vivo and in vitro 
measurements (Adams and Dolan  1991  ) . 

 A common kinematic characteristic of  fl exion/extension 
and lateral bending is that the axis of rotation is perpendicular 
to the axis of spine. Therefore,  fl exion, extension, and lateral 
bending produce a similar pattern of internal deformations to 
the disc. During  fl exion, the axial compression in the anterior 
portion of the annulus  fi brosus is increased. Consequently, 
there is an increase in the bulging of the outer region of the 
annulus and buckling of the lamellae in the inner portion of 
the anterior annulus  fi brosus. On the other hand, the posterior 
region experiences tension in the axial direction. Additionally, 
the nucleus pulposus is shifted to the opposite side of bend-
ing, and there is an increase in intradiscal pressure (Nachemson 
 1981 ; Wilke et al.  1999  ) . When the spine is in extension, the 
reverse effects are observed: tension in the anterior annulus 
 fi brosus, compression of the posterior annulus, and shifting of 
the nucleus in the anterior direction. Lateral bending produces 

a similar pattern of strains in the disc; however, the compres-
sion and tension regions are located in the lateral annulus 
 fi brosus (Costi et al.  2007 ; Tsantrizos et al.  2005  ) . 

 The stiffness and range of motion of disc segments can be 
obtained by applying a known force and/or bending moment. 
The range of motion is de fi ned as the relative rotation of the 
vertebral bodies when a pure moment is applied in the sagit-
tal or coronal plane. On the other hand, the stiffness can be 
calculated as the slope of the moment–rotation curve at the 
end of the range of motion. Due to the asymmetric shape of 
the disc and the effect of the posterior elements, measure-
ments of the range of motion and stiffness are different in 
 fl exion and extension. For instance, an increase of the com-
pression strain from 2.7 to 6.7 % for an applied force of 
500 N was reported for human L2/L3 spine segments when 
the posterior elements were removed (Heuer et al.  2008  ) . In 
a similar way, the range of motion increased from 5.2° to 
6.9° in  fl exion and from 3.4° to 8.2° in extension for a pure 
applied moment of 7.5 Nm (Heuer et al.  2008  ) . The stiffness 
of disc segments has been measured on the principal axes of 
the disc and on multidirectional axes (Spenciner et al.  2006  ) . 
It was concluded that the experimentally measured stiffness 
along the multidirectional axes do not match with the ana-
lytical predictions from the stiffness along principal axes 
(Spenciner et al.  2006  ) .  

    2.3.4   Torsion 

 During a twisting motion of the trunk, torsion becomes 
another important component of the loading of intervertebral 
discs. Similar to  fl exion/extension, torsion is de fi ned as the 
relative rotation of consecutive vertebral bodies; however, 
the axis of rotation is parallel to the axis of the spine. 
Consequently, the strains in the disc are substantially differ-
ent. During physical activity, the rotation between vertebral 
bodies is about 1°–3° which is very small compared to the 
rotations observed during  fl exion or extension (Pearcy et al. 
 1984  ) . The torsion range of motion is constrained by contact 
of the zygapophysial joints, which also increases the  stiffness 
of intact spine segments (Adams and Hutton  1981  ) . In vitro 
and numerical studies have reported a range of motion of 
4°–8° for intact spinal segments. The removal of the  posterior 
elements of the spine increases the range of motion twofold 
(Shirazi-Adl et al.  1986  ) . 

 Shear strains are the main component of deformation dur-
ing torsion. Deformation results in tensile stretch of one of the 
 fi ber populations, and while not contributing to torsion support 
due to  fi ber buckling, the other experiences compression. The 
tensile stretch on the  fi bers increases radially; consequently, 
the maximum  fi ber stretch is found in the outermost lamella. 
Removing the posterior elements of the spine resulted in an 
increase in the maximum  fi ber stretch from 3.1 to 11.4 % for 
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an applied torque of 7.5 Nm (Heuer et al.  2008  ) . From in vitro 
experiments, there is a reduction of the outward bulging of the 
annulus  fi brosus and an increase of disc height and intradiscal 
pressure (Heuer et al.  2008 ; van Deursen et al.  2001a,   b  ) . The 
decrease of outward bulging can be directly linked to the high 
tensile  fi ber stresses in the outer lamellae. The decrease of lat-
eral bulging also explains the increase of disc height and intra-
discal pressure. Although the strains observed in torsion may 
be too small to cause signi fi cant damage to the disc, a decrease 
in the failure loads have been observed when torsion is com-
bined with compression and  fl exion/extension.   

    2.4   Effect of Degeneration 
on Disc Mechanics 

 Intervertebral disc degeneration can be de fi ned as a post-trau-
matic cell-mediated cascade of biochemical, mechanical, and 
structural changes that affect the function of the disc (Adams 
and Roughley  2006  )  (Fig.  2.4 ). Compositional changes dur-
ing disc degeneration are mainly loss of proteoglycans, 
increased cross-linking, and an increase in the amount of col-
lagen I over collagen II. These changes are  fi rst noticeable in 
the nucleus pulposus and later spread outwards to the annulus 
 fi brosus. Although the causes remain largely unclear, factors 
that include structural injury, genetic heritance, age, inade-
quate metabolite transport, and loading history have been 
associated with the onset and progression of disc degenera-
tion (Adams and Roughley  2006 ; Battié et al.  2008 ; Buckwalter 
 1995 ; Hsu et al.  1990 ; Pye et al.  2007 ; Rannou et al.  2004  ) . In 
this section we limit our discussion to the effect of degenera-
tion on the mechanics at the tissue and disc levels. A brief 
review of total disc replacements, which is of the treatments 
for disc degeneration, is presented in Box  2.2 .  

 Numerous studies have measured the changes in the 
mechanical behavior of the disc tissues at several stages of 
degeneration. The compositional changes in the nucleus 
pulposus include a decrease in proteoglycan content and an 
increase in collagen I cross-links. These changes exert con-
tradictory effects on the mechanics of the nucleus pulposus. 
On one hand, the loss of proteoglycans causes a decrease in 
the osmotic pressure and consequently a reduction in tissue 
stiffness. On the other hand, the increase in cross-linking and 
collagen content causes tissue stiffening. Experimentally, it 
has been noted that there is an overall decrease in the com-
pression properties of nucleus pulposus (Johannessen and 
Elliott  2005  ) . This observation is in accord with other stud-
ies that show that proteoglycans contribute approximately 
80 % to the compressive properties of the nucleus pulposus 
with degeneration (Heneghan and Riches  2008a ; Perie et al. 
 2006b  ) . However, there is also a signi fi cant increase in the 
shear modulus (Iatridis et al.  1997b  ) . Transport properties of 
the nucleus pulposus are also affected by degeneration as there 

is an increase in the hydraulic permeability (Johannessen and 
Elliott  2005  ) . 

 The annulus  fi brosus undergoes mechanical changes 
with degeneration. The modulus at the toe region increases 
with degeneration, probably due to changes in the water 
content and the increase in collagen I levels (Guerin and 
Elliott  2006a  ) .The Poisson’s ratio decreases about 50 % with 
degeneration (Acaroglu et al.  1995 ; Elliott and Setton  2001 ; 
Guerin and Elliott  2006a  ) , as does the shear modulus (Iatridis 
et al.  1999  ) . Additionally,  fi ber reorientation decreases, while 
interaction between  fi bers and extra fi brillar matrix increases 
with degeneration (Guerin and Elliott  2006a ; O’Connell 
et al.  2009  ) . That  fi ber–matrix interactions increase with 

a Healthy

b Early degeneration

c Advanced degeneration

*

  Fig. 2.4    Magnetic resonance images illustrating different stages of 
human lumbar disc degeneration. ( a ) Healthy disc exhibiting distinct 
AF lamellae ( AF ) and central NP region ( NP ). ( b ) Disc exhibiting early 
stages of degeneration, including moderate height reduction, decreased 
NP signal intensity, and inward bulging of AF lamellae (*). ( c ) Disc 
exhibiting advanced stages of degeneration, including severely reduced 
height, large  fi ssure (*), and generalized structural deterioration. 
Images obtained using 7T Siemens scanner and a turbo spin echo 
sequence at 200  m m isotropic voxel resolution (Adapted from Smith 
et al.  2011  )        
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degeneration is evident from biaxial tests (O’Connell et al. 
 2012  ) . 

 All the degenerative changes observed at the tissue level 
have an effect on the mechanics at the disc level. Of all of 
the tissues in the intervertebral disc, the most mechanically 
affected with degeneration is the nucleus pulposus. The loss 
of osmotic pressure and hydration in the center of disc leads 

to a reduction of the disc height and an increase in insta-
bility of the disc measured by an increase in the range of 
motion and neutral zone (Mimura et al.  1994 ; O’Connell 
et al.  2007  ) . The decrease of disc height causes an increase 
in the compression load in the axial direction which in turn 
results in buckling of the lamellae, increase of outward and 
inner bulging of the annulus  fi brosus, and loss of organiza-
tion of the lamellae structure (O’Connell et al.  2007,   2010  ) . 
The decrease in osmotic pressure also causes a reduction in 
 fl uid exchange during the diurnal cycle (Massey et al.  2011  ) . 
The  fl uid exchange reduction affects the transport of metabo-
lites such as glucose and lactic acid, thereby in fl uencing cel-
lular function.  

    2.5   Mechanically Induced Injury 
of the Intervertebral Disc 

 In a healthy person, the loads applied to the intervertebral 
disc are not likely to exceed its strength limits. However, in 
some cases such as trauma, a single high-magnitude load 
causes a mechanical disruption of the structure of the spine. 
Usually, in such events, the posterior elements of the spine 
such as the zygapophysial joints are damaged before the disc 
is affected. However, under certain conditions, damage to the 
intervertebral disc in the form of disc prolapse, fracture of 
the vertebral endplate, or tears in the annulus  fi brosus or 
nucleus pulposus can be observed. Such catastrophic changes 
can cause a permanent change on the internal distribution of 
stresses and strains, thereby affecting the normal functioning 
of disc. In addition, such changes in the mechanical environ-
ment trigger a cell mediate cascade of biochemical, struc-
tural, and morphological changes known as degenerative 
disc disease that further impairs disc function. Another case 
of abnormal loading occurs when a low-magnitude load is 
applied a great number of times. This repeating loading 
event, known as fatigue, is believed to be linked to the onset 
and propagation of tears in the disc and is a cause of hernia-
tion. In this section, recent studies analyzing the relationship 
between abnormal loading and injury of the intervertebral 
disc are discussed. 

    2.5.1   Herniation 

 Herniation is characterized by the prolapse of the nucleus 
pulposus through the annulus  fi brosus. In vitro, herniation 
can be produced by a single high-intensity load or the repet-
itive application of forces with lower intensity (Callaghan 
and McGill  2001 ; Iencean  2000  ) . Herniation has been 
induced mechanically by applying a compressive force in 
the order of 5.4 kN to the disc in an anterolateral  fl exion 
position. This results in extrusion of the nucleus pulposus 

  Box 2.2 Total Disc Replacements 

 Total disc replacement (TDR) is a relatively new treat-
ment for discogenic pain that may be used instead of 
fusion in some patients. In a TDR, a mechanical device 
replaces the disc and aims to permit motion between 
the vertebrae, as opposed to fusion where there is no 
motion. Rational for TDR are related to perceived 
advantages over fusion for reduced surgical time, 
improved patient recovery, and long-term improved 
mechanics to prevent degeneration at other sites in 
the disc. An ideal arti fi cial disc should have the same 
range of motion and mechanical properties as a healthy 
disc. However, this is generally not the case. Metallic 
spheres were the  fi rst intervertebral disc replacements 
and were implanted in patients in the early 1960s. The 
most common complication was subsidence, or pene-
tration of the ball into the endplate and vertebral body, 
and this device was abandoned. The Acro fl ex, from 
the 1970s, consists of two porous plates separated by 
a hyperelastic polymer. The design was revolutionary 
in the sense that the porous plate allowed integration 
with the bone and the polymer provided controlled 
 fl exibility. Unfortunately short-term failure of the poly-
meric material stopped wide clinical use. The Charite, 
introduced in the 1980s, has two metallic endplates 
articulating against a polymeric core similar to a ball-
and-socket articulation. Although this device has been 
very popular in Europe, long-term studies have reported 
several complications including migration, subsidence, 
ejection, and wear of the core. Recent designs simi-
lar to the Charite include the ProDisc and FlexiCore. 
These devices all permit motion, but generally do not 
mimic normal disc mechanics in terms of have axial 
compression motion, energy absorption, and resistance 
to torsion. While the FDA has approved some models 
for use, they are not widely used in patients. Total disc 
replacement in the cervical spine, which requires more 
motion and less axial load, appears to be more widely 
applied and successful. A more detailed review of total 
disc replacements and other devices can be found in 
“ Intervertebral disc properties: challenges for biode-
vices ” by Costi et al.  (  2011  ) . 
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in a posterolateral radial direction (Aultman et al.  2005  ) . 
The internal strains developed during  fl exion/extension 
and lateral bending show tensile strains in the axial direc-
tion and thinning of the annulus  fi brosus at the opposite 
direction of bending (Costi et al.  2008 ; Tsantrizos et al. 
 2005  ) . Therefore, a radial protrusion in posterolateral 
direction occurs when there is anterolateral  fl exion. Non-
degenerated, highly hydrated discs have higher risk of her-
niation than severely degenerated discs (Gallagher  2002 ; 
Simunic et al.  2001  ) . This is probably due to the reduction 
of intradiscal pressure in the nucleus pulposus with degen-
eration. However, when mechanical disruption is caused 
by arti fi cially increasing the nucleus pressure (instead of 
applying a compressive load), degenerated discs fails at a 
lower rupture pressure (Iencean  2000  ) . 

 Herniation has also been induced in vitro when cyclic 
 fl exion/extension motion is applied to the disc (Callaghan 
and McGill  2001  ) . In this case, the herniation pathway is in 
a posterolateral radial direction. Increasing the compression 
load decreases the number of cycles required to cause disc 
damage. Similarly, the application of a static torque moment 
shortens the disc cycle life (Drake et al.  2005  ) . The increase 
in intradiscal pressure due to the applied torque may acceler-
ate the susceptibility of intervertebral discs to injury. The 
shape of the disc has also been found to in fl uence the hernia-
tion pathway in repetitive  fl exion/extension bending (Yates 
et al.  2010  ) . Speci fi cally, limacon-shaped discs had a de fi ned 
posterolateral herniation pathway, whereas oval-shaped discs 
had a more diffuse herniation pathway.  

    2.5.2   Endplate Fracture 

 Another mechanically driven injury is the fracture of the 
vertebral endplate. The endplate is the cortical bone on the 
superior and inferior (cranial and caudal sides, respectively) 
aspects of the vertebral body. On one side, the vertebral end-
plate is in contact with the intervertebral disc through the 
cartilaginous endplate; on the other side, it is supported by 
the trabecular bone inside the vertebral body. The main com-
ponent of the load applied to the vertebral endplate comes 
from the intradiscal pressure. However, tension and shear 
forces are also applied by traction of the annulus  fi brosus 
(Baranto et al.  2005  ) . Fracture of the vertebral endplate 
occurs when the strains exceed the strength of the vertebral 
endplate (Fields et al.  2010  ) . Endplate strength has been cor-
related with the density of the supporting trabecular bone 
(Adams and Dolan  2011 ; Ordway et al.  2007 ; Zhao et al. 
 2009  ) . In fact, due to lower density of the cranial trabecular 
bone, there is a greater incidence of fractures in this endplate. 
The degree of degeneration of the intervertebral disc also 
affects the loads at which endplate fracture occurs: a higher 
force is required to cause endplate fracture in degenerated 

discs (Baranto et al.  2005  ) . The rationale behind this obser-
vation is that healthy, hydrated discs have a higher intradiscal 
pressure; in degenerated discs there is a lower compression 
stress in the center of the disc, while the posterior elements 
transmit a larger portion of the compressive load (Adams and 
Dolan  2011  ) .   

    2.6   Summary of Critical Concepts 
Discussed in the Chapter 

    The mechanics of the intervertebral disc is determined by • 
the interaction between the annulus  fi brosus, nucleus pul-
posus, and endplates in different loading scenarios.  
  The osmotic pressure plays an important role in the trans-• 
mission of forces through the spine as well as in the sta-
bility of the intervertebral disc structure.  
  Nonlinearity is an important mechanical characteristic of • 
disc tissues. Nonlinearity is evident in the spine’s rela-
tively lax neutral zone mechanics and stiffer linear region 
response in motion segment tests. Nonlinearity is impor-
tant to permit both disc motion and stability.  
  Anisotropy (see Box  • 2.1 ) is an important mechanical 
characteristic of the annulus  fi brosus and comes from the 
structural organization of collagen  fi bers.  
  The viscoelastic behavior of the disc can be explained in • 
part by the interstitial  fl uid  fl ow during loading and 
unloading and the intrinsic viscoelasticity of disc tissues.  
  Degeneration affects the mechanics of disc tissues, which • 
is then re fl ected on the mechanics of the entire disc. One 
major effect of degeneration is an increase of the range of 
motion.  
  Several modes of injury, such as herniation and endplate • 
fracture, are closely related to the pressure in the nucleus 
pulposus and are more frequent in healthy discs.              
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