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ABSTRACT

Low back pain is an economic and social burden to society. Low back pain is
considered to be a chronic problem when the causes are due degenerative
disc diseases and damaged vertebrae. The main causes for degenerative
disc are extremely complex and still not well understood, although in their
majority are strongly related to the acute and frequent mechanical loading
on the spine. Knowledge that might shed more light on such pathologies is
the availability of in vivo human spinal disc loading data, which at the
moment does not exist. Many efforts had been made by researchers to
investigate and understand the in vivo loading of the human spinal disc. All
such techniques were not true in vivo techniques and hence, their findings
are questionable. Not only a full understanding of the in vivo loading of the
human spine, but also the distribution of the loading on the spinal disc are
of prime importance in order to comprehensively understand the
biomechanics of the human spine. Such new knowledge will also be helpful
in the treatment of vertebrae compression fractures and also aid in the
further improvement of current implantable spinal technologies. The aim of
this work was to engage in such investigation by developing a prototype
intelligent artificial spinal disc with the capability of mapping the loads
applied to the disc when it’s loaded in an in vitro and ex vivo environment.
In this research, for the first time a commercial artificial intervertebral disc
prosthesis was used as a base for a load-cell. Following a critical review of
possible suitable sensors to be embedded within the artificial spinal disc, it
was concluded that strain gauges and piezoresistive thin layer sensors were
the most appropriate for incorporation within the body of the artificial spinal
disc. The loading cell has been successfully designed and developed
comprising of eight strain gauges and two piezoresistive sensors
encapsulated inside the body of the artificial spinal disc. Further
instrumentation and software were developed in order to interface the
loading cell with a data acquisition system. A universal testing machine was
used for all loading experiments. In vitro and ex vivo (using an animal
spine) experiments were conducted in order to evaluate the developed
technology and also to rigorously investigate the loading behaviour of the
new loading cell. Following the in vitro and ex vivo experiments, it can be
concluded that all the sensors’ outputs are almost identical in
characteristics. All results are very much predictable with moderate level of
tolerances, uncertainty, accuracy and repeatability. Such results suggest
that this new intelligent artificial intervertebral disc prosthesis could allow
the in vivo investigation of loading on the human spine in the lumbar region
and therefore enable the continuous postoperative assessment of patients
that had a spinal disc surgical intervention.
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1 INTRODUCTION

Low Back pain is one of the most common reasons for chronic disability and
incapacity for work in the western world. In the UK, the National Health
Service (NHS) spends £512 million on hospital costs for back pain patients,
£141 million on GP (General Practitioner) consultation for back pain related
matters and £150.6 million on back pain physiotherapy treatment. The total
spending due to back pain is more than £1 billion per year (Maniadakis and
Gray, 2000). Up to 4.9 million working days were lost due to back pain in
year 2003-04 and up to half a million people received a long term state
incapacity benefit because of back pain. In addition to the impact on
individuals and their families, back pain is estimated to cost the UK
economy up to £ 5 billion a year (Health and Safety Executive, 2006).
Moreover, the US demand for implantable medical devices will increase
nearly 11% annually which has touched $24.4 billion in 2007 (Lewis, 2007).
According to Stryker, the global market size for spinal implants is worth a
total of US $4.2 billion. Worldwide growth of such implants is expected to
average around 16%. However, it is expected that the Asian spinal implants
market will grow at a rate of between 20-25% (Lewis, 2007).

The total solution of low back pain - the second most common health
problem after headache and common cold, requires a multi-disciplinary
research study of the biomechanics, kinematics and physical properties of
the spine, specifically the lumbar spine. In most of the cases, low back pain
normally occurs in the lower region of the spine - lumbar region. One of the
common diseases for chronic low back pain is Disc Degeneration Disease
(DDD). In this disease, spinal intervertebral disc loses its ability to safely
handle the mechanical stresses. Moreover, the relationship between Disc
Degeneration Disease (DDD) and loading of the spine has been well
documented (Stokes and latridis, 2004) (Liuke et al., 2005) (Nachemson,
1981). Repetitive loading and acute overloading both have been correlated
with high incidence of degenerative disease. Therefore, in vivo data on
spine loading are vital and essential for the understanding of the visco-
elasticity of the spine which may lead to the optimisation of treatment and
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management of low back pain. Also, such knowledge will facilitate the
better and more efficient design of spinal implants such as artificial disc
prosthesis and also, will enable the surgeons to optimize their spinal
surgical procedures.

In vitro data on spine loading only are not sufficient, although many
physical properties of the spinal parts like intervertebral disc, vertebra,
facet joints, ligaments, etc., are based on the in vitro testing. In vitro test
data can be used as a predictor of in vivo test data, if and only, when the in
vitro environment is the same as the in vivo environment. In the case of the
lumbar spine, there is no common consensus on in vitro mechanical testing
environment similarity (McGill, 1992). Without in vivo mechanical test data,
validity of predictive models and in vitro results are questionable. Different
mathematical models and various /in vitro data records show that loads on
the lumbar spine vary from around 30% of body weight in a relaxed
position to around 5300% of body weight during lifting of heavy loads
(Nachemson and Morris, 1964) (Nachemson, 1966) (Leskinen et al., 1983)
(Granhed et al., 1987) (Cholewicki et al., 1991). This large variation in
values of spinal loads puts a big question mark over its validity. In the
forward bending position, particular weight carried by the person increases
the loading on the spinal disc ranging from by five times to twenty times
(Waris, 1948) (Perey, 1957) (Nachemson, 1965). These results reconfirm
the inevitable need for in vivo spinal loading measurements. Over the past
few decades, many researchers have tried to collect in vivo experimental
data on spinal loading; however, despite of all efforts and approaches it has
not yet been possible to do this for the human spine. Therefore, there is a
strong need for the development of new technologies that will allow the in
vivo investigation of spinal stresses and enable the understanding of the
visco-elastic characteristic properties of the human spine.

The hypothesis underlying this project is the development of a prototype
intelligent implantable spinal disc prosthesis with the capability of
monitoring in vivo spinal loading information. One of the notable uniqueness
of the project is its contribution towards new knowledge in the field of spinal
loading plus the technical developments will contribute in the development
of the next generation intelligent artificial spinal disc prosthesis. By enabling
correct measurement of in vivo load mapping on the spinal disc (which is
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still unknown), it opens up many avenues of further research in this area.
The development of such new technology it will significantly aid in post-
surgery management of patients as such an intelligent implant will
continuously monitor the patients activities (bending, lifting). There can be
many other advantages, such as providing real-time warning to the patient
when performing physical activities which are dangerous to the spine.

More specifically this thesis describes the design and development of a
prototype intelligent artificial spinal disc loading cell and processing system,
which were developed to investigate the in vitro and ex vivo spinal loading.
The details of both the hardware and software required to fabricate the
loading cell will be the subject of the following chapters. Additionally, this
thesis details the test methods at all development stages as well as the
comprehensive data analysis following the in vitro and ex vivo methods. A
brief description of the subjects that are covered in the following chapters is
presented below.

Chapter 2 describes the anatomy of the human spine. It also, covers the
structure and the various parts of the spine such as intervertebral disc,
vertebra, nerve roots, spinal cord, etc.

Chapter 3 covers relevant material on the physical properties and functional
biomechanics of the intervertebral disc with focus on the lumbar region as it
will be the area of interest in this research.

Chapter 4 covers the details relating to the pathology and surgical
intervention of the human spinal disc. Such details, especially the
limitations of the surgical procedures will identify more clearly the main
drivers for this research.

Chapter 5 covers a comprehensive and systematic review of the literature
on in vivo measurements of spinal loading.

Chapter 6 technically explores the commercial evolution of the artificial
spinal disc prosthesis. It also describes the currently available models and
designs. This knowledge will be helpful in the designing of new generation
artificial spinal disc prosthesis with in vivo load measuring capability, which
is one of the ultimate aims of this project.
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Chapter 7 explores relevant sensing modalities which might be suitable for
this project. A comparison between the modalities is also presented
justifying the selection of sensing modalities used in this study.

Chapter 8 describes the detailed design and development of the sensor
loaded artificial spinal disc prosthesis for the in vitro and ex vivo
experiments.

Chapter 9 explains the experimental set-up, including the design of
mechanical tools, electronics for the signal conditioning and data acquisition
systems along with required software.

Chapter 10 covers the different study protocols used in the in vitro
experiments of this research project and presents the results and data
analysis of the in vitro experiments conducted.

Chapter 11 describes the animal ex vivo experimental set-up with the
specifically designed mechanical tools. The chapter discusses the study
protocols and presents all results and data analysis from the ex vivo study.

Chapter 12 presents the discussions and conclusions along with suggestions
for future work.
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% 2 ANATOMY AND BIOMECHANICS OF THE SPINE

2.1 INTRODUCTION

The knowledge of the anatomy, the physical properties and biomechanics of
the human spine are fundamental for this research project and this is the
subject of this chapter.

Clinical Biomechanics is defined as;

“Body of Knowledge that employs mechanical facts, concepts, principles,
terms, methodologies, and mathematics to interpret and analyze normal
and abnormal human anatomy and physiology” (White and Punjabi, 1990).

2.2 THE SPINE: ITS PARTS AND FUNCTIONS

The spine is very difficult to define as a structure. Mainly, it is a mechanical
structure which supports the body and hence, allows the body to perform
normal physical activities like standing, sitting, running, sleeping, etc (White
and Punjabi, 1990). During normal postures and physical activities, the
spinal stability from a biomechanical point of view is crucial and very
complex as well. The stability of the spine is due to a number of factors,
such as ligamentous support and a very sophisticated dynamic
neuromuscular control system. Another important function of the spine is to
protect the very delicate spinal cord - the main information bus of the body.
The spine is also mechanically supported by the rib cage. So, in total the
spine has three fundamental biomechanical functions.

@ To transfer the weight and the resultant bending moments to the
pelvis and to support the human posture.

# To allow the adequate physiological movement of the body and their
main parts - head, trunk and pelvis.

% To protect the delicate spinal cord.
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The spine mainly consists of 32-33 vertebrae. It is further sub-divided
into cervical (C1-C7), thoracic (T1-T12), lumbar (L1-L5), fused sacral
(51-S5) and 3 or 4 fused coccygeal vertebrae.
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Figure 2-1: Three different anatomical views of the spine showing all its parts
(backpain-guide.com, 2011).
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As shown in Figure 2-1, from the left lateral view the human spine is an s-
type structure. This shape supports the normal body postures and provides
enhanced flexibility and shock absorbing capability to the body. This shape
also provides the required stability and stiffness. In the frontal plane it looks
generally straight and symmetrical. The shapes of the thoracic and sacral
curvature are due to the higher heights of the posterior borders than of the
anterior borders. The shapes of the cervical and lumbar regions are due to
the wedge-shaped intervertebral disc (White and Punjabi, 1990). In detail
the spine comprises of:

% Vertebra

% Facet Joint
Neural Foramina
Spinal Chord
Nerve Root

Para-spinal Muscle

& & & & &

Intervertebral Disc.

2.2.1 Vertebra

Lumbar Vertebra

Vertebral Body

Vertebral foramen

Transverse Process N \ 3 Accessory Process

Superior Articular Process

Mamillary Process Lamina

pinous Process

Figure 2-2: Detail anatomical view of the lumbar vertebra of the spine showing all
its parts (indyspinemd.com, 2011).
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The vertebral body is made up of the outer hard and strong shell known as
cortical bone, the inner soft and spongy material known as cancellous bone
and the end-plates (Superior and Inferior) (Virgin, 1951). It bears the
majority of the spinal loading and protects the delicate spinal cord. As
shown in figure 2-2, it consists of vertebral body, spinous process,
mamillary process, articular process, transverse process, vertebral foramen,
pedicle and lamina. The top and bottom surfaces of the vertebral body are
known as cartilaginous end-plates or simply, end-plates. The size and mass
of the vertebra are increasing from the first cervical to the last lumbar. This
is due to the fact that the vertebrae are subjected to increasing load from
the first cervical to the last lumbar. The L-5 vertebra is the biggest vertebra
in the spine and this is due to its location and its function of transmitting
load to the sacrum. The vertebral compression strength, at slow loading
rate also, increases from the first cervical to the last lumbar and the value
range is from 1000 N to slightly more than 8000 N. The L-4 vertebra has
highest compressive strength, which is slightly more than 8000 N (Perey,
1957) (Bell et al., 1967).

2.2.2 Facet Joints (Zygopophysial Joints or Synovial Joints)

The spinal column has real joints, like the knee and the elbow, called facet
joints or zygophysial joints or synovial joints (Figure 2-3).

Figure 2-3: Facet joints motion during forward and backward movement of the
body as part of the two vertebrae (spineuniverse.com, 2011).
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These facet joints link all the vertebrae together and give them the
adequate flexibility to move against each other. The facets are the "bony
knobs" that meet between each vertebra. There are two facet joints
between each pair of vertebrae, one on each side. They extend and overlap
to each other to form a joint between the neighbouring vertebrae. The facet
joints provide the required flexibility and mechanical stability to the spine.
At the same time they are one of the main causes for the back pain (White
and Punjabi, 1990). The total compressive load to the vertebrae shares
between facet joints and spinal disc. The facet joints share 18% of the
compressive load on the lumbar spine vertebrae (Nachemson, 1960) and
this share varies from 0 to 33% depending upon spine postures (Kings et
al., 1975). As shown in Figure 2.3, in flexion (bending forward) the facet
joints experience tension as shown by the arrow and the spinal disk
experiences compression on its’ anterior part where as in extension
(bending backward) the facet joints experience compression as shown by
the arrows (Figure 2-3) and the spinal disk experiences tension on its’
anterior part. Hence, these biomechanics help to understand the variations
in the sharing of load between the facet joints and the spinal disk due to

different spine postures.

2.2.3 Neural Foramina

The spinal cord branches off into 31 pairs of nerve roots that they exit the
spine through small openings on each side of the vertebra called neural
foramina (Figure 2-4).

Figure 2-4: Neural foramina in the unit of two vertebrae with the spinal disc in-
between (patientsites.com, 2011).

32



The two nerve roots in each pair go in opposite directions when travelling
through the foramina. One goes out through the left foramina and the other
goes out through the right foramina. The nerve root allows nerve signals to
travel between the brain and the rest of the body (Bogduk and Twomey,
1991).

2.2.4 Spinal Cord

The spinal cord is a column of millions of nerve fibres that carries messages
from the brain to the rest of the body. It starts from the brain to the area
between the end of the first lumbar vertebra and the top of the second
lumbar vertebra (Figure 2-5). Each vertebra has a hole in the centre, so
when they stack on top of each other they form a hollow tube (spinal canal)
that holds and protects the entire spinal cord and its nerve roots (Bogduk
and Twomey, 1991). The spinal cord only goes down to the second lumbar
vertebra and below this level, a group of nerve fibres, called the caude-
equine start. This group of nerves goes to the pelvis and lower limbs. A
protective membrane, called the dura-mater covers the spinal cord. The
dura mater forms a watertight sac around the spinal cord and the spinal
nerves. Inside this sac, the spinal cord is surrounded by spinal fluid.

Figure 2-5: The two different views of the spinal cord showing its position in the
spine and cross-sectional view (health.com, 2011).
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2.2.5 Nerve Roots

The nerve fibres branch off from the spinal cord to form pairs of nerve roots
that travel through the small openings between the vertebrae (Figure 2-6).

Figure 2-6: The nerve roots run out of the spinal cord in the unit of two vertebrae
with the disc in-between (mcm.edu, 2011).

The nerves in each area of the spinal cord connect to specific parts of the
body. This is the reason why damage to the spinal cord can cause paralysis
in only specific areas depending on which spinal nerves are affected (White
and Punjabi, 1990). The nerves of the cervical spine go to the upper chest
and arms whereas the nerves of the thoracic spine go to the chest and
abdomen, and the nerves from the lumbar spine reach the legs, pelvis,
bowel, and bladder. These nerves coordinate and control all organs,
muscles and other parts of the body.

2.2.6 Para-Spinal Muscles

The muscles next to the spine are called the para-spinal muscles. They
support the spine and provide the motor for movement of the spine
(Bogduk and Twomey, 1991). There are many small muscles in the back
and each of these muscles control some part of the total movement
between the vertebrae and the rest of the skeleton.
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When muscles contract, the small blood vessels travelling through the
muscles are pinched off (like a tube pinched between thumb and finger),
which causes the building up of lactic acid. If the muscle cells cannot relax
and too much lactic acid builds up, it causes a painful burning sensation.
The muscle relaxes as the blood vessels open up, and the lactic acid is
eventually washed away by fresh blood flowing into the muscle. This
mechanism helps to prevent possible severe damage to muscles.

2.2.7 Intervertebral Disc

An intervertebral disc is located between two consecutive vertebrae as
shown in Figure 2-7 and Figure 2-8. It is subjected to different types of
forces and bending moments. It is responsible for carrying all compressive
loads to which the trunk is subjected along with the sharing of load with the
facet joints (Hirsch, 1955) (Prasad et al., 1974). The force on a lumbar disc
in a sitting position is more than three times the value of the force due to
the weight of the trunk (Nachemson, 1965) (Nachemson, 1966). The reason
for such a high force is muscular control forces acting on the spine for
achieving spinal stability. The intervertebral disc is also subjected to
dynamic loads depending of the human activity (e.g. jumping and trauma).

The actual load on the disc during an active event is perhaps up to twice as

high as those in the static position.
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From a study of 600 lumbar intervertebral discs, it was found that;

% Disc degeneration first appears in males in the second decade and in
females a decade later.

¢ By the age of 50, 97% of the lumbar discs are degenerated.

% The most degenerated segments are L3-lL4, L4-L5 and L5-S1.
(Miller et al., 1988).

The intervertebral disc constitutes to 20-33% of the entire height of the
vertebral column (White and Punjabi, 1990) and comprises of three distinct

parts;

% Nucleus Pulposus
@ Annulus Fibrosis
% Cartilaginous End-plate

All three parts of the intervertebral disc will be discussed in brief below.

Nucleus Pulposus: It is a centrally located area composed of very loose
and translucent network of fine fibrous strands that lie in a mucoprotein gel
containing various mucopolysacharides as shown in Figure 2-8. The cross
sectional of the nucleus area is 30-50% of the total disc cross sectional area
in the lumbar spine (Panagiotacopulos et al., 1987). The water content
ranges from 70%-90%, highest at birth and tends to decrease with age.
The size of the nucleus and its capacity to swell are greater in the lumbar
and the cervical regions (White and Punjabi, 1990).

Figure 2-8: Nucleus pulposus and annulus fibrosis in the intervertebral disc
(Nuchiro, 2011)
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Annulus Fibrosis: Annulus fibrosus is a portion of the disc that gradually
becomes differentiated from the periphery of the nucleus and forms the
outer boundary of the disc enclosing the nucleus pulposus as shown in
Figure 2-8. Its structure is composed of fibrous tissue in concentric
laminated bands and the fibres are arranged in helicoids manner. They run
in the same direction, in the same band but in the opposite direction in the
two adjacent bands oriented at 30 degrees to the disc plane, and so 120
degrees with each other in two adjacent bands (White and Punjabi, 1990).
This typical structural arrangement provides it with an ability to withstand
loads in different directions and at different angles.

Cartilaginous End-Plates: Cartilaginous end-plates are composed of
hyaline cartilage that separates the other two components of the disc,
nucleus pulposus and annulus fibrosis from the vertebral body. It changes
with age (approximately, 0-37 years) (Bernick and Cailliet, 1982). It starts
with an active growth cartilage and the change in age results in irregularly
arranged growth cartilage that disappears with time and is replaced by bone
(White and Punjabi, 1990).
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3 PHYSICAL PROPERTIES AND FUNCTIONAL
BIOMECHANICS OF THE INTERVERTEBRAL
SPINAL Disc

3.1 INTRODUCTION

This chapter covers the physical properties and basic biomechanics of the
intervertebral disc along with the kinematics specifically for the lumbar
region. The physical properties and the basic biomechanics of the
intervertebral disc are fundamental for this research.

3.2 PHYSICAL PROPERTIES OF THE INTERVERTEBRAL DiIsC

Knowledge of the physical properties of the intervertebral discs is essential
in the understanding of the behaviour of the lumbar spine including basic
biomechanics, including the kinematics, of the lumbar spine. The disc is
mainly a visco-elastic structure; therefore its biomechanical characteristics
can be divided into three parts, elastic characteristic, visco-elastic
characteristic and fatigue. All three types of characteristics will be described
below.

3.2.1 Elastic characteristics of the disc

The disc is a visco-elastic structure, therefore to observe its elastic
characteristics a test should be performed at a slow mechanical loading rate
to neglect the visco elastic effect. It is very important to note here, that it
makes a lot of difference on the consideration of applied load. It means that
the applied load is considered to be applied to the whole structure or to an
individual material or part. As the disc is not made up of homogeneous
material the applied loads to the whole spine causes different types of
stresses to the disc at different locations. For example, when a compressive
load is applied to the disc, the disc experiences the compressive stresses on
the area of the nucleus pulposus and the tensile stresses on the outer area
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of the annulus fibrosus. Elastic characteristics can be divided into
Compression, Tensile, Bending, Torsional and Shear characteristics.

Compression characteristics of the disc: A study of the load-
displacement curve of the disc has reveéled that the disc provides little
resistance at low loads, but as the load increases it becomes stiffer, and
that makes the disc an intelligent shock-absorbing device in the human
body. In load displacement curve, the higher the loading rate the steeper
the resulting curve. As the disk exhibits visco-elastic behaviour, during the
loading and unloading cycle the disk loses energy in the form of
temperature called hysteresis. This study also showed that although the
disc is subjected to very high loads and a permanent deformation on
removal of the load is shown, there was no indication of herniation of the
nucleus pulposus. This finding suggests that disc herniation is not due to the
excessive compressive loading. It was also found that, no failure of the disc
ever took place but the first component of failure was the vertebra, in which
the end-plates fractured (Virgin, 1951) (Brown et al., 1957). One surprise
was that the disc did not damage under pure compressive load (Farfan,
1973).

Tensile characteristics of the disc: The disc nucleus is never subjected
to tensile loads under normal physical activities. Moreover, the anterior and
posterior regions of the disc are stronger than the lateral and central
regions as well, as the central region is the weakest of all. One typical
characteristic of the disc is that it is found to be stiffer in tension than under
compression and that attributed to the build-up of fluid pressure within the
nucleus under compression loading (Markolf, 1970). Moreover, more
stiffness in tension restricts the movement of the spine and less stiffness in
compression absorbs the loading shocks.

Bending characteristics of the disc: The bending characteristics are of
great interest because that causes more damage to the disc. Many
experiments were done on the disc to understand the bending
characteristics of the disc. The disc has more chance to get damaged when
subjected to a combined bending and torsional load. It was found that after
removal of the posterior element of the disc and with 15 degrees of bending
(anterior flexion); consequently disc failure occurred (Brown et al., 1957).
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In this case the disc bulged anteriorly during flexion and posteriorly during
extension.

Torsional characteristics of the disc: Like bending, torsional
characteristics are of equal interest. It was found that the average failure
torque for non-degenerated disc was 25% higher than that for the
degenerated discs (Farfan et al., 1970). The average angle of failure is 16
degrees for non-degenerated disc and 14.5 degrees for degenerated disc
(White and Punjabi, 1990).

Shear characteristics of the disc: Shear characteristics are of very much
importance because torsional characteristics do not provide exact
information on the distribution of stresses on all cross sectional area of the
disc. Shear stiffness in the horizontal plane was found to be about 260
N/mm (Markolf, 1970). This value was found to be significant in clinical
terms and had good impact on biomechanically relevant damage to the disc,
particularly in trauma. Moreover, it is relatively rare for the annulus to fail
clinically because of the pure shear loading, and most likely clinical
evidences of annular disruption implies that the disc has failed due to some
combination of bending, torsion and tension (White and Punjabi, 1990).

3.2.2 Visco-Elastic characteristics of the disc

The visco-elastic characteristic is generally defined as “The time dependent
property of a material (e.g. hysteresis, creep and relaxation) to show
sensitivity to the rate of loading or deformation” (White and Punjabi, 1990).

The visco-elastic property can be described by a combination of two
properties, creep/relaxation and hysteresis. The disc, as mentioned before,
is a visco-elastic element, therefore, the detail study of the visco-elastic
characteristics of the disc is very much required. ‘

Creep and Relaxation characteristics of the disc: White and Punjabi
found that the higher the disc the greater the deformation and faster the
rate of creep. Experimentally, it was also proved that non-degenerated
discs creep slowly and achieve their final deformation value after
considerable time as compared to that of the degenerated discs (Kazarian,
1975). Furthermore, the process of degeneration makes the disc less visco-
elastic, hence, degeneration results in loss of its capability to attenuate
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shocks and to distribute the load uniformly over the entire end-plate (White
and Punjabi, 1990).

Hysteresis characteristics of the disc: Hysteresis is a phenomenon
associated with energy loss exhibited by visco-elastic materials when they
are subjected to loading and unloading cycles (White and Punjabi, 1990). In
a load versus deformation curve, the area under the curve represents the
energy of deformation. Therefore, if the loading and unloading curve has
some gap between them, then the energy is lost during loading and
unloading. This is of great importance for the spine because shock is
absorbed in the disc when the spine is subject to loading and hence, that
provides a unique mechanism which protects the spine. The hysteresis
depends on the age, magnitude of the applied load and the level of
degeneration of the disc. Therefore, more hysteresis is desirable for shock
absorption and hence, a younger person’s disc exhibits more hysteresis
than that of an older person. The lower lumbar discs exhibit more hysteresis
than the lower thoracic and upper lumbar discs. Also, it has been observed
that the hysteresis decreases on repetitive loading of the disc (Virgin,
1951).

3.2.3 Fatigue tolerance of the disc

In vitro experiments of the disc for finding out the fatigue tolerance will help
to estimate the life of the disc in terms of the number of loading cycles.
Loading cycles are two per second and the value of load ranges from 400 N
to 1800 N. The fatigue tolerance of the disc defines the number of load
cycles that can be tolerated before radial and circumferential tears develop.
This has been investigated and had been proven experimentally that the
disc showed signs of failure after only 200 cycles of forward bending at 5
degrees and it completely failed after 1000 cycles (Brown et al., 1957).
Moreover, the in vivo real fatigue tolerance is not yet known and that is why
it is very less explored and fewer facts are known on fatigue tolerances.

3.3 FUNCTIONAL BIOMECHANICS OF THE SPINE

Along with the physical properties, the functional biomechanics are also of
great importance. Knowledge of the functional biomechanics helps to
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develop proper design of implants and get a better understanding of the
spine pathology. It is also very much useful in physiotherapy, which is used
for the treatment of low back pain.

3.3.1 Measurement of in vivo loads on the spine

One of the objectives of this research is to measure the in vivo load on the
lumbar spinal disc, and details on this topic are covered in later chapters.
Nachemson and Morris (1964) for the first time found out the actual in vivo
disc load. They found, with the help of in vitro experiments, that fluid
pressure within the nucleus is directly related to the axial compression
applied to the disc. They measured the pressure by inserting a needle with
a miniature electronic pressure gauge at its tip. By this method they
measured the loads when a person was performing different physical
activities (Nachemson and Morris, 1964) (Nachemson, 1966). The results of
this study are shown in Figure 3-1. Many scientists worked in this area and
their work is explained in the next chapter.

B Standing with 20-kg Weights in Hands
U Sitting or Standing with 20 deg. Flexion
B Total Body Weight

B Trunk Weight

0 1000 2000
Load in Newton

Figure 3-1: Colour Bar-graph showing discal pressure in terms of disc load for
normal body weight and different positions of the body (Nachemson and Morris,
1964) (Nachemson, 1966).
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3.3.2 Measurement of the spinal disc degeneration

The Intradiscal Pressure which represents the spine loading has a
relationship with the disc degeneration (Punjabi et al., 1988). Disc
degeneration was measured by adapting a methodology where the quantity
of the discography showed the value of intradiscal pressure (Quinnel and
Stockdale, 1983). The lumbar discography is an injection technique used to
evaluate patients with back pain who have not responded to extensive
conservative care regimens. The most common use of discography is for
surgical planning prior to a lumbar fusion. The recorded intradiscal pressure
at different postures are shown in Table 3-1.

Table 3-1: Intradiscal pressure measured in the spine at the time of different
postures (Quinnel and Stockdale, 1983).

Postures Pressure (kPa)
Sitting 700
Prone 154
Standing 550

3.3.3 Effects on the mechanical properties of the spinal disc

The fluid within the intervertebral disc has a relationship with the level of
degeneration and obviously, it has a relationship with the mechanical
properties of the disc. Researchers conducted experiments by injecting fluid
into the intervertebral disc and measured the mechanical properties of the
disc before and after the injection of the fluid. The fluid retained specimen’s
showed more stiffness and they found no changes in stiffness in cases of
non-fluid retained specimens (Andersson and Schultz, 1979).

3.3.4 Intervertebral spinal disc stresses

The stresses are very important characteristics of functional biomechanics
for the development of the artificial disc. That is the main interest of this
research. During different physical activities like standing, sitting, and
running, the intervertebral disc is subjected to different types of loads. Due
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to these loads (different magnitudes and directions), the disc accordingly
develops stresses in different directions and magnitudes. These stresses
may be tensile, compressive, shear or a combination of them and are
known as the disc stresses. Stress is defined as “The force per unit area of a
structure and a measurement of the intensity of the force” (White and
Punjabi, 1990). The Intervertebral disc has an anisotropic structure, so it is
very difficult to measure the stresses and its directions. Mathematical
models such as FEM- Finite Element Models are also used to find out the
stresses in the disc (Shirazi-Adl et al., 1984). A brief description of the
various spinal disc stresses can be found below.

Spinal disc stresses under compression: Compression is an important
type of spine load from the biomechanical point of view. Compression load
is transferred from the upper vertebral disc to the lower vertebral disc to
the pelvis. The shock is mainly absorbed by various discs due to their visco-
elastic characteristics. Due to the compressive load, the nucleus pulposus
develops pressures and hence, it applies a force in all the directions away
from the centre (Rolander and Blair, 1975) (Brinckmann et al., 1983).

Obviously, these loads/forces generate the stresses in the annular ring.
Axial and circumferential stresses are compressive and at the same time the
annular fibre stresses are tensile. Typical £30 degree arrangements of the
fibres are best suitable to absorb the tensile stresses. The biomechanical
characteristics of the spine, in terms of absorbing shocks generated by the
loading, are mainly affected by the fluid contents of the nucleus pulposus.
In cases of lesser fluid (degenerated disc), due to compressive loading, the
nucleus cannot develop pressure inside it and therefore, the vertebrae end-
plates experience more pressure at the outer periphery and less at the
centre. Experiments and various mathematical models suggest that no
intervertebral disc failure takes place only due to the compressive loading
(Broberg, 1983) (Shirazi-Ad| et al., 1984).

Spinal disc stresses under tension: When the intervertebral disc is
subjected to tensile load, normal and shear stresses are developed. Due to
the typical arrangement of the annular fibres, the normal stresses are
absorbed comfortably but the shear stresses cannot be absorbed. The shear
stresses are a major portion of these two stresses. Therefore, the
intervertebral disc is at more risk due to shear stresses in tensile loading
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when compared to compressive loading. It is also important to mention that
due to the Poisson effect, the disc bulges during compression and contracts
during tension (White and Punjabi, 1990).

Spinal disc stresses with bending: During bending, the spine
experiences tension in the thoracic and the sacral region and compression
in the cervical and the lumbar regions of the spine due to its typical s-type
structure. Therefore, one part of the disc experiences compression and the
other part experiences tension that in turn, generates the tensile and the
compressive stresses accordingly (White and Punjabi, 1990).

Spinal disc stresses with torsion: The stresses in the intervertebral disc,
whilst the disc is subjected to axial force, depend on the level of
degeneration and the condition of the posterior element of the disc.
Experiments were conducted (White and Punjabi, 1990) to examine the disc
stresses with five options, and they are as under; (with 60 Nm torque)

Option - 1: Non-Degenerated Disc

Option - 2: Non-Degenerated Disc with 2000 N compression
Option - 3: Non-Degenerated Disc with loss of Intradiscal pressure.
Option - 4: Non-Degenerated Disc with posterior portion removed.

Option -5: Non-Degenerated Disc with 2000 N compression & posterior
element removed.

The results of the above experiments are as under;

# In all above options, the tensile stresses in the direction of torque
were of maximum value in the anterior part of the disc.

& In option 1, 2, and 3, the stresses were found in the posterior and
the posterolateral parts of the disc.

@ The stresses increased at the periphery after removal of the
posterolateral part of the disc.

@ Without intradiscal pressure the stresses decreased.

% Increasing compressive load did not have any major impact on the
stresses.
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Spinal disc stresses under shear: The shear force is parallel to the plane
of the vertebrae end-plate (transverse plane) and perpendicular to the long
spinal axis. It probably generates shear stresses equally over the annulus
and nil on the surface. Therefore, the failure of the disc due to shear
stresses can be easily understood by the biomechanical and the anatomical
disc characteristics (White and Punjabi, 1990).

3.4 SPINE KINEMATICS

There are more incidences of spinal diseases at the lumbar vertebrae L4-L5
and L5-S1, which shows strong relationship between the mechanics and the
disc diseases. Moreover, these two locations bear the highest loading and
undergo the most motion in the sagittal plane (Bogduk and Twomey, 1991).
Therefore, the study of the kinematics is essential for the study of the spine
related diseases.

“Kinematics is that phase of mechanics concerned with the study of motion
of rigid bodies with no consideration of the forces involved” (White and
Punjabi, 1990).

As per above definition, the lumbar spine kinematics is needed to be
considered for this study because of its direct relevance.

3.4.1 Range of motion of the lumbar region of the spine

The knowledge of the range of motion for the lumbar region is essential for
the better understanding of spine kinematics. Table 3-2 shows the range of
rotations for the lumbar spine.

Table 3-2: Ranges of motion of the lumbar spinal vertebrae in angle of degree in

XYZ direction of axis during different physical movements of the body (White and
Punjabi, 1990).

Combined flex./ext. One side lateral bending  One side axial rotation
(+/- x-axis rotation) (+/- z-axis rotation) (+/- y-axis rotation)
Limits of Ranges Representative  Limits of Ranges  Representative  Limits of Ranges  Representative
Interspace  (Degrees)  angle (Degrees)  (Degrees) angle (Degrees) ~ (Degrees)  angle (Degrees)

L1-L2 5-16 12 3-8 6 1--3 2
L2-L3 8-18 14 3-10 6 1-3 2
L3-L4 6-17 15 4-12 8 1-3 2
L4-L5 g-21 16 3-9 6 1--3 2
L5-L6 10--24 17 2--6 3 0-2 1
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Looking at the table 3-2, it is very clear that the flexion/extension range of
motion is higher than the lateral bending and axial rotation. Looking at the
structure and kinematics of the lumbar spine, the saggital plane translation
is important and that’s why it is used as a tool to determine the instability.
The lumbar area L4-L5 and L5-S1 are subjected to more loading and high
motion in the saggital plane. Therefore, it looks appropriate to consider the
biomechanics of the lumbar region since is more related to low back pain
and spine diseases. In the lumbar region, it is found that the upper vertebra
plate has significantly high range of motion than the lower vertebra plate.
The summarized results by many researchers on the range of motion of the
lumbar spine are shown in Table 3-3. The relationship between the disc
degeneration and the kinematics is very important. Many researchers’
findings are controversial on this point. It was found that the disc
degeneration did not restrict the motion range of L5 facet with respect to
the sacrum (Hirsch and Lewin, 1968), rather, the disc degeneration and the
low back problems can be predicted by the increased saggital plane
translation (Knutsson, 1944) (Gertzbein et al., 1988) (Woody et al., 1988).
In contradiction with the above point, it was pointed out that, only 1-2 mm
of translation in the frontal and the saggital plane and increased translation
is not connected with the degenerative discs (Rolander, 1966). Therefore,
the detection of the significant increase in the saggital translational can be
considered as the symptoms of the disc degeneration. In one experiment, it
was found that, after the study of the motion of the lumbosacral joint in 527
patients, only 15% of the normal control group showed absence of the
mobility and 43% of the patients with low back pain due to various diseases
showed no motion of L4-LS5 (Mensor and Duvall, 1959). In another study it
was found that 11% to 20% of the normal persons without back pain have
restriction of the spinal movement at L4-L5 and L5-S1 (Tanz, 1953) (Jirout,
1957). In general, many measuring techniques with questionable reliability
end up with more contradictory results, and hence, no practical solution can
be achieved in predicting low back pain or understanding the related
disease.
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Table 3-3: Different researcher’s experimental data on the ranges of the motion of
the lumbar spine vertebrae during different physical movement of the body (White
and Panjabi, 1978) (Pearcy et al., 1984) (Hayes et al., 1989) (Yamamoto et al.,

1989) (White and Punjabi, 1990).

L2
L34

L4/5
L5/S1

LR
L34

L45
L5/S1

Le

L34
L4

16
18
18
2
2

8
9
10
7

FLEXION PLUS EXTENSION
Yamamoto, 89 Hayes, 88 Pearcey, 84 Dvorak, 89
ISSLS, KYOTO SPINE 14/3:327-331  SPINE 9/3:204-297 ISSLS, KYOTO
in vitro in vivolactive in vivo/active in vivo/passive White & Panjabi 78
MEAN LOWER UPPER MEAN LOWER UPPER MEAN LOWER UPPER MEAN LOWER UPPER MEAN LOWER UPPER
10.7 5 13 7 1 14 13 3 B3 18 86 179 12 9
108 g8 13 9 2 15 M 10 18 145 85 191 14 11
112 6 15 10 2 18 1 g 17 153 118 A1 15 12
145 9 20 13 2 20 16 24 182 116 286 17 14
178 0 24 14 2 0 W 24 17 63 27 20 18
LATERAL BENDING (ONE SIDE)
Yamamoto, 89 Pearcey, 84 Dvorak, 89
ISSLS, KYOTO SPINE 14/3:327-331  SPINE 9/3:204-297
in vitro in vivo/active in viva/PASSIVE White & Panjabi 78
MEAN LOWER UPPER MEAN LOWER UPPER MEAN LOWER UPPER MEAN LOWER UPPER
49 38 65 55 4 10 79 142 6 3
7 46 85 55 2 10 104 169 6 3
57 45 841 5 3 8 124 212 8 5
57 32 82 25 3 6 124 198 6 5
55 39 718 1 1 6 95 176 3 2
AXIAL ROTATION (ONE SIDE)
Yamamoto, 89 Pearcey, 84
ISSLS, KYOTQ SPINE 14/3:327-331
in vitro in vivo/active White & Panjabi 78
MEAN LOWER UPPER MEAN LOWER UPPER MEAN LOWER UPPER
21 08 45 1 -1 2 6 3
26 12 46 1 -1 2 6 3
28 09 4 15 0 4 8 5
22 08 47 15 0 3 6 5
13 06 21 05 -2 2 3 2

3.5 CONCLUSION

3

The knowledge and

information gained from the study of physical

properties, kinematics, anatomy, functional biomechanics of the spine is
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essential for the correct design of an artificial spinal disc prosthesis capable

of measuring the correct in vivo loading on the spine.

The important points to note are,

L 4

\ 4

Subjected to extremely high compression force, the spinal disc end-
plates fracture first without apparent damage to the spinal disc.

The intervertebral disc exhibits visco-elastic behaviour which helps
absorbing the shock to the spine and provides flexibility to the spine
and body to do different physical activities at ease.

Bending and torsional forces are more effective reasons for disc
problems and in turn, back pain problems than compressive forces.
The loads on the spinal disc are extremely high in vivo than in vitro.
Compressive strength of vertebrae increases from the cervical to the
lumbar region of the spine.

The facet joints share on average 18% compressive load with the
spinal disc and go upto as high as 45%.

Muscles and tissues around the spine are very important for
maintaining the posture of the spine and to bear extremely high in
vivo compressive loading to the spine.
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§ 4 PATHOLOGY AND SURGICAL INTERVENTION
] OF THE INTERVERTEBRAL SPINAL Disc

4.1 INTRODUCTION

This chapter covers the details relating to the pathology and surgical
intervention of the spinal disc with a specific focus on the lumbar region of
the spine. Details on spinal disc pathology and surgical intervention foster
the better understanding of this research project. Most of spinal disc
pathologies lead to spinal pain and hence, back pain, which results in the
restriction of mobility of the whole body. The study of spinal biomechanics
and kinematics (discussed in the previous chapters) also help to better
understand the roots of the diseases and treatments. The homenclature and
terms used here are supported and endorsed by the North American Spine
Society (NASS), the American Association of Neurological Surgeons (AANS),
the Congress of Neurological Surgeons (CNS) and American Academy of
Orthopaedic surgeons).

4.2 SPINAL DIsc PATHOLOGY

The Merriam-Webster dictionary defined pathology as,

“The study of essential nature of diseases especially of the structural and
functional changes produced by them”.

The spinal disc pathology classified here on the basis of diagnosis categories
of the disc and each lumbar disc falls into one or more of the following
categories.

Normal

Congential/Developmental variation
Degenerative/Traumatic
Infectious/Inflammatory

Neoplasia

* & & & & &

Morphologic variation of unknown significance.
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4.2.1 Normal

Normal spinal disc means morphologically normal disc. This does not mean
that clinically normal disc is morphologically normal as well. For example,
when the disc is degenerated due to aging, the disc is still considered
clinically normal but it is not morphologically normal. The same way
degenerative, developmental or adaptive changes due to scoliosis,
spondylolisthesis, etc are considered clinically normal but not
morphologically normal (Fardon and Millet, 2001).

4.2.2 Congential/Developmental variation

This category includes the congential/developmental variation in disc
morphology in order to adapt abnormal growth of the spine such as
spondylolisthesis or scoliosis (Fardon and Millet, 2001).

4.2.3 Degenerative/Traumatic

Degeneration is known as “the loss of shock absorbing power of the spinal
disc”. Degenerated disc contains less water portion than normal healthy
disc. Hence, the more degeneration of the disc the less it exhibits visco-
elastic characteristics (Fardon and Millet, 2001). This category is subdivided
into,

% Annulus tears/Fissures
% Herniation
% Degeneration

Anulus tears/fissures:

Anular tears, also known as anular fissures, defined as uncommon spaces
between fibres and/or tear away fibres from their vertebral body insertions,
and/or tear away broken fibres that pop out concentrically, radially and/or
transversely. The terms “tear” or “fissure” which represents lesions not
necessarily mean that it is due to the trauma (Figure 4-1) (Fardon and
Millet, 2001). The tears or fissures could be there for any reasons like
biological or trauma, etc. This is one of the common types of pathology for
spine disc related problems.
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Figure 4-1: Schematic sagittal anatomic sections of a normal young healthy disc
(Left), an annular tear (radial tear in this case) and a disc herniation (Right)
(Milette, 1997).

Herniation: An extension of the disc material beyond the normal periphery
of the intervertebral disc space is known as herniation of the disc (slipped
disc) (Figure 4-1). This extension of material is due to extension of any part
or more than one part of the spinal disc like cartilage, apophyseal bone,
outer tissue, and/or nucleus pulposus. The herniation of the disc is further
subdivided in focal herniation and broad-based herniation (Figure 4-2)
(Fardon and Millet, 2001).

Figure 4-2: Focal herniation involves less than 25% (90°) of the disc circumference
(Left).Broad-based herniation involves between 25% and 50% (90-180°) of the
disc circumference (Right) (Milette, 1997).

Bulging is defined as extension of circumferential disc tissue (50-100%)
outside the edges of the ring apophyses (Figure 4-3). The “bulging” and
“herniation” are different types of spinal disc pathology. If extension of
circumferential disc tissue is symmetrical all around then it is known as

L
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“symmetrical bulging”. If extension of the circumferential disc tissue is not
symmetrical, then is known as “asymmetrical bulging” of the disc (Figure 4-
3). This type of asymmetrical bulging is present in scoliosis or
spondylolisthesis. The “bulging” is a descriptive term for the shape of the
disc contour and not a diagnostic category (Fardon and Millet, 2001).

] ]
"Symmetrical Bulging Disc* "Asymmetrical Bulging Disc"

Figure 4-3: Symmetrical presence (or apparent presence) of disc tissue
“circumferentially” (50-100%) (Left), Asymmetrical bulging of the disc margin
(50-100%) (Right) (Fardon and Millet, 2001).

Herniation is morphologically subdivided into,

@ Protrusion
@ Extrusion
% Intervertebral

Protrusion Extrusion

Figure 4-4: Types of Herniated discs - protrusion (Left), extrusion (Right), based on
the shape of the displaced material (Fardon and Millet, 2001).

Protrusion: The protrusion is defined as; “If the greatest distance, in any
plane, between the edges of the disc material beyond the disc space is less
than the distance between the edges of the base, in the same plane”. The
base is defined as the cross-sectional area of disc material at the outer
margin of the disc space of origin, where disc material displaced beyond the
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disc space is continuous with disc material within the disc space. In the
cranio-caudal direction, the length of the base cannot exceed, by definition,
the height of the intervertebral space (Figure 4-4) (Fardon and Millet,
2001).

Extrusion: Extrusion is defined as "When, in at least one plane, any one
distance between the edges of the disc material beyond the disc space is
greater than the distance between the edges of the base, or when no
continuity exists between the disc material beyond the disc space and that
within the disc space (Figure 4-4)” (Fardon and Millet, 2001).

Sequestration is a type of extrusion. It is defined as - “If displaced
material is not in any physical contact with the disc” (Figure 4-5) (Fardon
and Millet, 2001).

A B C

Figure 4-5: Schematic representation of various types of posterior central
herniation. (A) A herniation (or protrusion) without significant disc material
migration. (B) A herniation with downward migration of disc material under the
posterior longitudinal ligament (PLL). (C) A herniation with downward migration of
disc material and sequestered fragment (arrow) (Milette, 2000).

Intravertebral: Intravertebral herniation is defined as “If displaced disc
material is in the cranio-caudal (vertical) direction through a break in the
vertebral body endplate” (Fardon and Millet, 2001).

Disc herniation may be further specifically described as contained or
uncontained. Contained herniation is defined as “If the displaced disc
material is under the cover of circumferential anulus fibres”. Uncontained
herniation defined as “If the displaced disc material is pops out of the
circumferential anulus fibres means no outer cover of anulus fibres is
present”. Displaced disc tissues may also be described by location, volume,
and content (Fardon and Millet, 2001).
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Degeneration: Degenerated disc is defined in simple words as, “The spinal
disc which losses its ability to absorb the shocks”.

It may include, apparent desiccation, fibrosis, narrowing of the disc space,
diffuse bulging of the anulus beyond the disc space, extensive fissuring (i.e.
numerous anular tears), and mucinous degeneration of the anulus, defects
and sclerosis of the endplates, and osteophytes at the vertebral apophyses
(Fardon and Millet, 2001). This is further divided into two subcategories,

Spondylosisdeformans: It is defined as changes in the disc associated

with a normal aging process (Figure 4-6).

Intervertebral osteochondrosis: It is defined as changes in the disc due
to the pathologic process (Figure 4-6) (Fardon and Millet, 2001).

Figure 4-6: Schematic sagittal anatomic sections of the normal disc,
spondylosisdeformans, and intervertebral osteochondrosis (Milette, 1997).

4.2.4 Infectious/Inflammatory

This category is defined as the changes in the spinal disc due to infection
and/or infection-like inflammatory discitis, and/or inflammatory due to
spondyloarthropathy. The inflammatory spondylitis of subchondral endplate
and bone marrow manifested as Modic Type 1 magnetic resonance imaging
(MRI) changes. This can be further subcategorised as per appropriate
specificity (Fardon and Millet, 2001).

L
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4.2.5 Neoplasia

Primary or metastatic morphologic changes of disc tissues caused by
neoplasia are categorized as Neoplasia, with sub categorization for
appropriate specificity (Fardon and Millet, 2001).

4.2.6 Morphological variation of unknown significance

Instances in which data suggest abnormal morphology of the disc but are
not complete enough to warrant a diagnostic categorization can be
categorized as morphologic variant of unknown significance (Fardon and
Millet, 2001).

4.3 SURGICAL INTERVENTION FOR THE LUMBAR SPINAL DISC

In one of the national health and nutrition examination survey, it is
mentioned that back pain is the second most frequently reported reason for
visiting a doctor, the fifth most frequent cause of hospitalization and the
third most frequent reason for surgery (American association of neurological
surgeons, 2010). Back pain is due to many reasons like trauma, diseases,
etc. Many types of treatments are available and the most important and
common types are:

@ Drug-therapy

Epidural steroidal injections
Physiotherapy

Acupuncture

Chiropractic

¢ ¢ & & &

Ayurvedic
% Surgical

The surgical treatment option is selected after trying all or many of the
other non-surgical treatment options. The clinical symptoms which also give
indication for lumbar spinal surgery are cauda equine syndrome,
radiculopathy and instability. The severe discogenic back pain is also an
indication of surgery. Most lumbar surgical approaches use the posterior
approach. In cases of major surgery like spinal fusion and total disc
replacement (TDR) the anterior surgical approach is used. In cases of highly
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unstable spine or when there is a requirement of severe deformity
corrections, the circumferential approach is used (Bartleson and Gordon
Deen, 2010). There are many types of surgical treatments available (White
and Punjabi, 1990). The typical surgical procedures are,

Facetectomy

Foraminotomy

Laminoplasty

Laminotomy

Corpectomy

Disc Disectomy/Micro-disectomy
Disc Annuloplasty

Disc Arthoplasty

Spinal leminectomy

¢ & & & % & & & & @

Spinal fusion

%

Total disc replacement

A brief description of each procedure is given below.

4.3.1 Facetectomy

Facetectomy is defined as “Excision of a facet especially of a vertebra”
(Merriam-Webster Inc., 2010). In this surgery, the spinal nerve root is
decompressed by removing some part of the facet of the spinal vertebrae.

4.3.2 Foraminotomy

Foraminotomy is defined as “A medical operation used to relieve pressure
on nerves that are being compressed by the intervertebral foramina, the
passages through the bones of the vertebrae of the spine that pass nerve
bundles to the body from the spinal cord” (Benzel, 2005).

4.3.3 Laminoplasty

Laminoplasty is defined as “A surgical procedure for treating spinal stenosis
by relieving pressure on the spinal cord. The procedure involves cutting the
lamina on both sides of the affected vertebrae (cutting through on one side
and merely cutting a groove on the other) and then "swinging” the freed
flap of bone open thus relieving the pressure on the spinal cord. The
spinous process may be removed to allow the lamina bone flap to be swung

57



open. The bone flap is then propped open using smail wedges or pieces of
bone such that the enlarged spinal canal will remain in place” (Benzel,
2005).

4.3.4 Laminotomy/Leminectomy

Laminotomy is defined as “A surgical division of a vertebral lamina”.
(Merriam-webster Inc., 2010).

This is one of the most commonly performed spinal surgical procedures
(Benzel, 2005). A Laminotomy is a neurosurgical procedure that removes
part of a lamina of the vertebral arch in order to decompress the
corresponding spinal cord and/or spinal nerve root. This was originally
performed as a hemilaminectomy, consisting in the removal of either the
left or right half of the lamina, but is now more commonly carried out as the
removal of a portion of both sides of the lamina (while retaining the rest to
preserve vertebral stability as much as possible). Laminotomy is also often
accompanied by Facetectomy.

4.3.5 Corpectomy

Corpectomy is a surgical procedure that involves removing part of the
vertebral body usually as a way to decompress the spinal cord and nerves.
Corpectomy is often performed in association with some form of disectomy
(Wikimedia Foundation Inc., 2008). Anterior Corpectomy and stabilization is
most often indicated for treatment of trauma or spinal tumours. It is less
frequently, it is indicated for chronic instability, pseudoarthrosis, disc
herniation or disc degeneration (Bradford and Zdeblick, 2004).

4.3.6 Disc disectomy/ Disc micro-disectomy

A disectomy is a surgical procedure in which the central portion of an
intervertebral disc, the nucleus pulposus, which is causing the pain by
stressing the spinal cord or radiating nerves, is removed. (Wikimedia Inc.,
2010).

4.3.7 Disc annuloplasty

The term intervertebral disc annuloplasty indicates any procedure aimed at
repairing the annulus of a bulging intervertebral disc before it herniated.
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IDET ("Intradiscal-Electro thermal-Annuloplasty") is a recently developed
minimally invasive form of annuloplasty. In this technique, local anaesthesia
and conscious monitored sedation is given to the discogenic patient. A 17
gauge needle is inserted in the affected disc under multiplane fluoroscopic
guidance. Then it is heated to 90°C (corresponding to adjacent tissue
temperature of 72 degree) for approximately fifteen minutes. The heat is
intended to seal any ruptures in the disc wall and may also burn nerve
endings, which can make the area less sensitive to pain. A survey of
complications were noted a 6 per 1,750 incidence of reversible nerve injury
due to needle puncture and a 1 per 1,750 incidences of discitis (Hsiu et al.,
2000).

4.3.8 Spinal fusion (Arthrodesis)

As per Medline Plus-Meriam Webster dictionary, the spinal fusion
(Arthrodesis) defined as,

“A surgical fusion of two or more vertebrae for remedial immobilization of
the spine”

It is first introduced by Albee and Hibbs in 1911 (Albee, 1911) (Hibbs,
1911). Spinal fusion is also known as spondylodesis or spondylosyndesis.
There are many fusion operation procedures and many of them can be
found in the literature (Wu, 1975). Supplementary bone tissue (like
autograft, allograft) is used along with the natural osteoblastic processes.
This procedure is used to eliminate the pain caused by abnormal motion of
the vertebrae by restricting minimum motion of the vertebrae themselves.
Today, about 250,000 spinal fusion surgeries are performed each year in
the USA with a steady growth rate as almost all surgeries require bone graft
material (Bono and Grafin, 2004).

Spinal fusion is done most commonly in the lumbar region of the spine, but
it is also used to treat cervical and thoracic problems. Conditions where
spinal fusion surgery may be considered are:

@ Degenerative disc disease
@ Discogenic pain

% Spinal tumour

% Vertebral fracture
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Scoliosis

Kyphosis (i.e. Scheuermann's disease)
Spondylolisthesis

Spondylitis

Following Osteotomy of the spine
Posterior Rami Syndrome

* % % % % & &

Other degenerative spinal conditions.
% Any condition that causes instability of the spine

(Herkowitz et al., 2004) (White and Punjabi, 1990), (Wikimedia Foundation
Inc., 2010).

Types of spinal fusion: There are two main types of lumbar spinal fusion.
Posterolateral-intertransverse-fusion; in this type of fusion the bone graft is
placed between the transverse processes in the back of the spine. These
vertebrae are then fixed in place using screws, metal rods, wire, etc. This
process is an old process. The process was modified by no fixation of screws
and introduce ‘silver instead of bone graft. This modification was very
successful (92% union) (Truchly and Thompson, 1970).

Inter-body fusion; in this type of fusion the bone graft is used to fuse the
two vertebrae and a bone graft is placed between two vertebrae after
removing the spinal disc. A plastic or titanium device may be placed
between the vertebra to maintain spine alignment and disc height. The
fusion then occurs between the endplates of the vertebrae. If both types of
fusion are used then this is known as a 360-degree fusion. Fusion rates are
higher with inter-body fusion. There are mainly three types of inter-body
fusions and are, briefly described below.

% Anterior lumbar interbody fusion (ALIF): The disc is approached
from an anterior abdominal incision and this is the most common
approach. It is particularly useful when posterior elements are
destroyed or attempts failed or clinically not possible (Sijbrandij,
1962).

# Transforaminal lumbar inter-body fusion (TLIF) - the disc is
accessed from a posterior incision on one side of the spine. It is a
minimally invasive surgery. It has very low chances of nerve root
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damage when compared to the posterior lumbar inter-body fusion
(White and Punjabi, 1990).

% Posterior lumbar inter-body fusion (PLIF) - In this technique the
disc is approached from a posterior part of the body. This technique
is advisable due to the non-exposure of the sacral sympathetic fibre,
and the risk of impotency for male patient is nil. The disadvantage of
this procedure is the probability of protrusion of graft material (White
and Punjabi, 1990). The fusion process typically takes 6-12 months
after surgery. During this time external bracing (orthotics) may be
required. External factors such as extensive fusion, large bone graft,
osteoporosis, certain medications, wound healing, and heavy activity
can prolong the fusion process. Due to some observations of
increased stress, degenerative changes, spinal stenosis and fracture
dislocation at the adjacent segments, some newer technologies are
being introduced which avoid fusion and preserve spinal motion.
Procedures, such as artificial disc replacement, are being offered as
alternatives to fusion, but have not yet been adopted on a
widespread basis (Hunter et al., 1980) (Eismont and Simeone, 1981)
(Lee and Langrana, 1984) (Herkowitz et al., 2004).

4.3.9 Total Disc Replacement (TDR)/Disc Arthoplasty

Artificial Disc Replacement (ADR), or Total Disc Replacement (TDR), is a
type of Arthoplasty. It is a surgical procedure to remove vertebral discs and
replaced them with artificial devices in the lumbar (lower) or cervical
(upper) spine. The procedure is used to treat chronic, severe low back pain
and cervical pain resulting from degenerative disc disease. The aim of the
invention of artificial spinal disc is to achieve more natural biomechanics
and kinematics, after surgery than after fusion, for the spine. It is also
protecting the adjacent level discs against the non-physiologic loading, as in
the case of fusion. Artificial disc replacement has been developed as an
alternative to spinal fusion, with the goal of pain elimination or reduction,
while still allowing motion throughout the spine. Another possible benefit is
the prevention of premature breakdown in adjacent levels of the spine, a
potential risk in fusion surgery. More details and explanation for this is
provided in the chapter-6.
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4.4 CONCLUSION

Spine diseases are mainly related to abnormal physical changes,
degeneration, infections, bone deformity and metastatic morphological
changes in the spine and its parts such as discs, vertebrae and related
muscles and tissues. Laminotomy/Laminectomy is the most commonly
performed surgical procedure for the spine. There is always a great debate
on “Which surgical procedure is more successful Fusion or Total Disc
Arthoplasty?” Most probably, Total Disc Arthoplasty has a more bright
future when aiming for a better solution of disc degeneration diseases.
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5 HISTORICAL REVIEW OF THE RESEARCH ON
MEASUREMENT OF IN VIvO SPINAL LOADING

5.1 INTRODUCTION

This chapter summarizes chronologically the work done on measurements
of in vivo spinal loading, including a discussion on their limitations. Despite
the many attempts and techniques used in measuring the in vivo loading of
the spine, still, these results are required to be validated.

5.2 LITERATURE REVIEW

The oldest work in the measurement of in vivo spinal loading in human was
done in the 1957 by Perey. In this work, a simplistic indirect estimation
model was used. In this model, the spine load was calculated on the basis
of the bodyweight above the particular spinal flexible unit in terms of body
weight percentage e.g. 50%, 60%, and 45% (Perey, 1957). For example,
when the total body weight is 100 kg it means that will generate 100 X 9.81
(Gravitation constant) = 981 N. At a particular spinal flexible unit the body
weight above that flexible unit is 50% of the total body weight (i.e. 50 kg
(Equivalent to 490.50 N force)). This model had limitations as it did not
consider the musculature forces, externally applied forces (like load due to
weight lifting), the intra-abdominal forces and other complex forces like
stabilizing forces, in the calculation. In other words, the work did not
properly include the kinematics of the spine and its effects on the loading.
Also, this study did not perform any real time in vivo direct load
measurement experiments on the spine (Rohimann et al., 2000). This
model had many limitations and it is very far from providing information on
the actual loading of the spine.

About a decade later in 1966, Waugh measured the spinal load by
implanting a sensor loaded device into the human spine. Waugh used a
strain gauge loaded Harrington rod (Waugh, 1966). The main limitation of
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Waugh's research was that the Harrington rod was implanted parallel to the
spine, therefore the load was shared between the spine and the device,
hence, the actual real time in vivo loading measurement of the spine could
not be achieved. Moreover, after the surgical operation, the load bearing
capacity of the spine keept on changing, hence, the load sharing between
the spine and the Harrington rod also kept changing. Therefore, the above
technique it is also not a proper method for measuring the in vivo spinal
loading.

Nachemson et al. in 1964, inserted a pressure transducer loaded needle
into the nucleus of the disc to measure the in vivo pressure while the
patients were performing various tasks. He collected data from more than
100 patients over a period of 20 years. The recorded data, as mentioned
above, were measured during different physical activities like standing,
sitting, lying supine and at the same time with forward flexion of 20° and
rotation of 20° whilst lifting a weight (Nachemson and Morris, 1964)
(Nachemson, 1966) (Nachemson and Elfstrom, 1970). The main limitation
is that this technique measured pressure instead of force. They derived the
force data from the recorded pressure data by using an empirical function
(Farfan, 1995). This function is also based on the in vitro data collected
from experiments on a cadaveric spine. Nachemson himself discussed this
limitation in 1981 (Nachemson, 1981).

In 1977, Olsson and his team conducted a precise motion analysis by using
roentgen-stereo-photogrammetry and found that the implant was subject to
motion and loads even after solid fusion (Olsson et al., 1977). The work did
not produce direct in vivo real time data of the spinal loading. Also, this
method has an inherent erroneous relationship between motion
measurements with the actual load measurement of the spine.

In the 1980’s many other researchers have also used external spinal fixator
devices in order to investigate in vivo spinal loading. Their research
methods had the same limitations as some of the studies conducted earlier
like Waugh (described above), where the loading was shared between the
spine and the fixator devices placed parallel to the spine (Schiapfer et al.,
1980) (Wilke, 1992). Schultz and his team have measured the in vivo
pressure inside the disc and measured the electrical outputs using
Electromyography (EMG). The measurements were made during resting
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periods, during lifting of 8 kg of weight and during twisting and bending of
the spine (Schultz et al., 1982a) (Schultz et al., 1982b). The limitations of
this work are again the same as those discussed before. They managed to
measure the in vivo pressure instead of the in vivo loading. Moreover, they
used the EMG technique which involves direct measurement of the electrical
parameters due to muscle activities and that can be correlated to the
different forces of the muscles applied on the spine in different directions
(Farfan, 1995) (Patwardhan et al.,, 1999). EMG measurements also vary
from one human subject to another.

In 1983, Leskinen and his team have used the simplified 5 ¢cm bending
moment model. The 5 cm bending moment model was based on certain
assumptions. In this model, 5 cm is a rough distance from the processes to
the centre of the disc space. An assumption was made that the spine is
positioned in bending and connected tissues can be considered as a single
vector working in opposite direction of the loads on the spine. They
experimented with the condition of lifting 15 kg weight and due to that the
extension tissues were working against the loads of the spine. The 5cm is a
rough distance from the processes to the centre of the rotation of the disc
space (Leskinen et al., 1983). This model does not consider the intra-
abdominal forces during lifting. If such forces were considered then the load
would have been very low [ (McGill, 1990) cited in (Goel and Weinstein,
1990)]. Looking at the typical spine anatomy and its very complex
structure, it is highly unlikely that the mathematical models based on some
simple methodology can actually achieve the result which is very near to
the original.

An indirect method of the dynamic chain model that uses the kinematics
representation of the musculoskeletal system coupled with the experimental
measures of the applied loads and the ground reaction forces to predict the
loading at each joint in the resulting dynamic chain has been used by some
researchers (Kromodihardjo and Mital, 1987) (Granhed et al., 1987)
(Cholewicki et al., 1991). The model does not consider the forces exerted
by the muscles for the stabilization of the spine and that may be a
significant contributor to the reactionary forces applied to the spine
(Cholewicki et al., 1999).
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Han and McGill have used the EMG technique and the dynamic chain model.
McGill has used the lateral bending and, Han and his team used the lifting
up to 180 N as a condition (McGill, 1992) (Han et al., 1995). The limitations
of these techniques are the same as the ones described above.

Dolan and Adams in 1998 have also used the EMG technique again under
the condition of the repetitive lifting of 10kg weight (Dolan and Adams,
1998). Morlock and others, in 1998, used the dynamic chain technique
while performing everyday activities (Morlock and Schneider, 1998). Dolan
and team members have used a smart but complex model of combination of
the EMG and the dynamic chain model while lifting of weight. Again the
limitations of these techniques are the same as the ones described above.

Rohimann and his team, in 1997 and 2000, made a significant contribution
in achieving the objective of obtaining the real time in vivo data of the spine
loading but they have used the internal fixator devices which have
limitations of the parallel load sharing with the spine as discussed before
(Rohlmann et al., 1997) (Rohimann et al., 2000).

Ledet and his team, in 2000 and 2005, have perfectly measured the real
time load on the lumbar spine. The location of the sensor/implant and the
design of the load cell were excellent in serving the required purpose. They
did experiments on a baboon (Ledet et al., 2000) (Ledet et al., 2005). The
baboon’s body posture and the structure are different from the human and
the muscular structure is also different, specifically the hip extensors and
the glutel are more powerful in the human than the baboon (Farfan, 1995).
Therefore, these data can be used as near estimates to the human.

In 2007 Linders and Nuckley used the strain on a vertebral surface to
measure the loading on the spinal disc. To measure the strain on the
vertebral surface they have installed rosette strain gauges on the vertebral
surface. For this experiment they have used L4-L5 vertebrae of a macaque
monkey model (Linders and Nuckley, 2007). The limitations of this work
are:

@ Vertebrae is not made up of homogeneous mechanical characteristic
material like steel or any metal, so, the strain is not uniform across
the vertebrae’s outer surface.
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# Due to improper and lasting adhesion between contact surfaces of
the strain gauge and vertebrae the validity of the strain
measurement by strain gauges is always questionable.

# It is done on a macaque monkey model, so, it is not biomechanically
the same as a human.

Rohimann and his team in 2008 have used a vertebral body replacement
(VBR) as an inter-body load-cell to measure the in vivo loading in the spine.
This is a very good experiment however it has a limitation. The main
limitation is that the implanted vertebral body replacement (VBR) is
surrounded by bone material from the iliac crest and the respective rib.
After osseous healing process this becomes as strong as the vertebrae itself
and hence, the load on the spine is shared between telemeterized VBR and
fusion bone. So, as discussed before this approach will still not provide the
accurate measurement of in vivo loading on the spine (Rohimann et al.,
2008).

In 2009, Demetropoulos and others have used the inter-body fusion cage as
an inter-body load-cell to measure the in vivo loading on the lumbar spine.
The technique is good for measuring the correct in vivo loading on the
spine. They have installed the strain gauges on four load bearing pillars of
the cage, so, whatever load comes to the inter-body fusion cage is
transmitted further by those four pillars. This technique has a main
limitation that the load is shared between the cage and the surrounding
solid osseous fusion material between the two vertebrae, and hence, cannot
actually measure the correct in vivo loading on the spine. Moreover, this is
the only design they have still not used. The device based on this design
has never been used as a load-cell to measure actual in vivo loading on the
human spine (Demetropoulos et al., 2009).

5.3 CONCLUSION

The results from all attempts to measure the in vivo spinal loading from the
above researchers have shown a lot of variation in values. Some
contradicting results create even more uncertainly on the subject. For
example;
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% Waugh measured the range of load on the disc as % of body weight
and found it to be 20 to 99 where Nachemson measured the same
and found it to be 29 to 386 and later on Nachemson & Elfstrom
measured it and found it to be 97 to 369 (Waugh, 1966)
(Nachemson, 1966) (Nachemson and Elfstrom, 1970).

% Schultz and others have measured spinal load while lifting a weight of
8 Kg and found it to be 343% of the body weight (70 Kg subject)
where Leskinen and others measured spinal load during lifting of 15
Kg weight and found it to be 1145% of body weight with again a 70
Kg subject. Finally Dolan in 1998 performed a similar experiment
while using a 15.7 Kg weight for lifting and found the spinal load to
be 364-656 % of body weight with a 70 Kg subject (Schultz et al.,
1982b) (Leskinen et al., 1983) (Dolan and Adams, 1998).

# Granhed and others have measured spinal load as much as 2741 to
5306 % of body weight with 70 Kg subject during very heavy lifting
(maximum of 335 Kg) (Granhed et al., 1987).

Therefore, such results and techniques do not generate much confidence
either in their accuracy or in their methodology for measuring in vivo spinal
loading. Thus, there remains the need for a more reliable approach which
will generate accurate in vivo spinal loading results and this will be the
subject and the main focus of this research.
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6 ARTIFICIAL SPINAL DisC PROSTHESIS

6.1 INTRODUCTION

In chapter 5, it was mentioned that there are mainly three surgical
procedures for disc degenerated disease (DDD). They are as under,

@ Decompression of disc by removing part of the spinal vertebrae like
neural-foramina

@ Fusion of vertebrae

@ Total disc replacement (TDR) or Nucleus replacement

In Total Disc Replacement surgery, the original disc is removed and
replaced by an artificial disc prosthesis. The total disc replacement allows
physio-motion (backpain-guide.com, 2011) between the two adjacent
vertebrae unlike fusion. Moreover, it also provides shock-absorbing
capability to the spine unlike fusion. This chapter describes the evolution of
the artificial spinal disc prosthesis and describes the current commercial
state of the art artificial discs.

6.2 HISTORY AND EVOLUTION OF THE SPINAL Disc
PROSTHESIS

The spinal disc prosthesis is divided into,

% All metal disc

¥ All non-metallic disc

% Combination of metal and non-metal disc
& Artificial joint capsule

% Nucleus replacement

6.2.1 All Metal Disc

The first obvious choice of material for making an artificial spinal disc are
metals like steel, titanium, Cobalt-Chromium-Molybdenum (Co-Cr-Mo)
alloys, etc. The principle reason for the choice is its proven biocompatibility
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and superior strength to withstand high compressive loading. The artificial
spinal disc prosthesis was first implanted in the 1950s’. As shown in Figure
6-1, only a single metallic ball was used as the spinal disc prosthesis and it
was developed by Fernstrom (Fernstrom, 1966). In 1954, Knowles filed a
patent for an all metal disc prosthesis (Knowles, 4th May, 1954). The metal
disc spacer is wedge shaped and was designed to be placed between
spinous processes. This disc did not provide a physio-motion between the
spinal vertebrae and that’s why it was not considered as successful spinal

disc prosthesis.

Figure 6-1: One of the first artificial disc replacements (simple metal ball) designed
by Fernstrom (Burton Report , 2010)

On the other hand, Fernstrom’s metal ball can provide sagittal and posterior
movement like today’s ball-joint type artificial spinal disc. The failure of this
design is due to the subsidence over the ball. The reason for subsidence is
the concentration of compressive load at the point of contact between the
ball and the vertebrae end-plates. The shear forces between ball and a
vertebra also contribute to the cause of the failure. In about 88% of the
cases the restored height is lost within 4 to 7 years (Fernstrom, 1966). In
1950s’, Nachemson placed silicon rubber into the cadaveric spinal disc.
From 1973, almost every year a new patent filing on spinal disc prosthesis
occurred (Szpalski et al., 2002). Fassio and Ginestie’s designed an artificial
spinal disc which was the first to be implanted in 3 patients. The nucleus
part of the disc was made up of a silastic ball and constrained by a horse-
shoe designed non-compressible plate. In 4 years all 3 patients exhibited
migration of the disc (Fassio and Ginestie, 1978). As shown in Figure 6-2,
Kostuik designed a disc prosthesis that had a hinge on the posterior part

L
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and a spring was placed between the two endplates to absorb the shock.
This disc prosthesis exhibited good results in laboratory testing but failed in
animal trials (Kotsuik, 1997).

Figure 6-2: One of the early designed artificial spinal discs with two metal end-
plates hinged posteriorly and interposed with metal spring in between (Kotsuik,
1997).

In 1982, Patil developed a disc with two cup shape end-plates and in
between stainless springs of 12 Ib load bearing capacity. The plates
anchored by spikes on the outer surface of the vertebrae (Patil, 12th

January,1982).

Figure 6-3: Artificial spinal disc designed by Hedman and colleagues (Hedman et
al., 1991).

As shown in Figure 6-3, Hedman and his team developed posteriorly hinged
end plates with coil springs in between. This facilitates flexion and extension
of the body (Hedman et al., 1991).
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Mathews and his team used Cobalt-Chromium (Co-Cr) alloys for the end-
plates. The disc is known as the Maverick®. The central fins were used for
proper anchoring of the disc. The bottom plate had concave inside surface
in the centre which was matched by the same concave inside surface on the
upper plate (Bono and Garfin, 2004). Gill and associates have developed an
all stainless steel disc known as the Prestige®. For stability after surgery,
screws were provided to fix with the vertebrae body. This disc exhibited
good results in preliminary trials in 20 patients (Cummins et al., 1998).

6.2.2 All non-metallic disc

The landmark development in disc design is the introduction of synthetic-
on-synthetic articulating surfaces. The advantage of this design is the
natural like visco-elastic behaviour of the disc.

In 1956, Van Steenbrugghe designed a disc with many components. It was
made-up of intermediate cushions in layers with plastic bodies of varying
shapes (Van Steenbrugghe, 28th May, 1956). In 1975, Stubstad and
associates developed a disc with kidney shape silicone or polyurethane
elastomer and elastomeric end plates. The nucleus of the disc was made-up
of fluid contained within weave of Dacron® fibres (Stubstad et al., 25
February, 1975). Downey developed a disc with rigid silicone end plates
where the nucleus consisted of soft polymeric foam. For immediate stability
the disc was provided with screws (Downey, 17 October, 1989) (Downey,
30 July, 1991).

In 1978, Weber developed a modern like 3-piece disc comprising two end
plates with concave cavities and a bio-ceramic spacer (Weber, 6 February,
1978) (Weber, 21 June, 1980).

Many different non-metallic disc designs were developed and most of them
are described by;

@ Edeland (Edeland, 1989)

@ Fischers (Fischer, 8 December, 1987).

@ Tadano and associates (Tadano et al., 1992).

% Dove and his team (Dove et al., 27 February, 1990).
% Monson (Monson, 5 September, 1989)
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One of the non-metallic discs was developed by Stone in 1992. The
uniqueness of this design is its design to regenerate the disc. Regeneration
of the disc is achieved by biocompatible and bio-resorbable fibre
(glycosaminoglycans) scaffold. The dry, porous volume matrix is made by
using the scaffold. This type of disc has not yet been tried on humans
(Stone, 28 April, 1992). In a latest development, the Cadisc™ developed by
Ranier Technologies (Cambridge, UK), is an all polymer disc with the
advantage of MRI compatibility. It means the patients can be scanned under
MRI.

6.2.3 Combination of metal and non-metal discs

This contemporary disc is made up of two metal end plates with a non-
metallic spacer in between. It is a ball-joint type of design. This design has
the advantage of the high compressive strength of metal (the end plates)
and the visco-elastic biomechanical characteristic of the non-metallic
materials like rubber, polyethylene, polyurethane, etc. The main limitation
of this design is the adverse effect of wear debris of the polyethylene
material generated due to friction between the end plates and the
polyethylene spacer. As shown in Figure 6-4, Lee and colleagues have
developed an elastomeric disc spacer with hydroxyaptite coated surfaces to
encourage in-growth. It gave good in vitro results but the core migrated
with canine implantation (5 of 12 cases). No human trials have been done
until today (Langrana et al., 1994) (Vuono-Hawkins et al., 1994).

Figure 6-4: Artificial disc designed by Lee and Langrana (L) and SB CHARITE® III
artificial spinal disc prosthesis (R) both cited in (Bono and Garfin, 2004)
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Enker and colleagues in 1993 published the results of experiments when
using a disc called Acroflex® (DePuy Spine). The disc is made up of two
porous coated titanium end plates. The rubber spacer is placed between the
end plates and vulcanised to the inner surfaces of end-plates. The implant
was suddenly discontinued because benzene was being used by the
vulcanising process. Benzene is probably responsible for carcinogenicity
(Enker et al., 1993).

Figure 6-5: (a) Parts of SB CHARITE® I artificial spinal disc by (b) SB CHARITE®II
disc with its parts. Both discs were by DePuy Spine, Raynham, MA. Cited in (Bono
and Garfin, 2004).

In 1980s, the SB CHARITE® disc was developed by DePuy Spine, Raynham,
MA. It was designed by Shellnack and Buttler-Janz. They have used sliding
core of UHMWPE (Ultra High Molecular Weight Poly-Ethylene). With this
design, its instantaneous axis of rotation could translate anterior and
posterior to the mid-point of the disc during the extension and flexion,
respectively. The first introduced disc called SB CHARITE® I had shell like
plates having a diameter smaller than the polyethylene core (Figure 6-5).

74



Due to that higher concentration of compressive force migration of the disc
occurred after implantation. In a revised design of the disc, called SB
CHARITE® II, which produced a flat extension on the left and right side of
the disc stopped the problem of significant migration of the disc but caused
fatigue fracture of the end plates resulting in failure of the disc. In 1987,
the SB CHARITE® III disc was introduced with broadened flat end plates to
reduce the subsidence of the disc. To reduce the polyethylene wear, the end
plates were made up of Cobalt-Chromium-Molybdenum alloy. To enhance
the process of osseous integration the end plates were coated with porous
titanium and a layer of calcium phosphate was applied on it.

The Prodisc® disc was designed by Marnay in the late 1980s. This disc has a
polyethylene core fixed to the inferior plate and the articulating surface is
on the superior plate only enabling a fix axis of rotation. Due to the fix axis
of rotation the facet joints experienced abnormally high force in their
direction which lead to dimensional changes in neuro-foramina during
motion.

Many different combinations of metallic and non-metallic disc designs
developed and few examples are as under,

& Pisharodi (Pisharodi, 23 June, 1992)

% Frey and Koch (Frey and Koch, 17 April, 1990) (Frey, 12 June, 1990)
(Frey, 11 September, 1990).

# Oka and associates (Oka et al., 24 May, 1994).

% Hirayama and colleagues (Hirayama et al., 7 August, 1990).

¥ Khvisyak and colleagues (Khvisyuk et al., 7 January, 1982.).

% Main and his team (Main et al., 12 june, 1990).

% Fuhrmann and associates (Fuhrmann et al., 26 March, 1991).

6.2.4 Artificial joint capsule

The metal end plates and the polyethylene spacer design generated a lot of
wear debris of polyethylene. To overcome this limitation a new disc was
designed, called artificial joint capsule. In this design, a flexible rubber
membrane spanned between the two end plates sealed the articulating
surfaces from surrounding tissues. The saline fluid was filled inside the
membrane which served as a lubricant. That reduced the amount of the
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wear of polyethylene debris significantly. This was also used to reconstruct
the cervical spine after anterior disectomy for myelopathy (Sekhon, 2003).

6.2.5 Nucleus replacement

The principle difference between nucleus replacement and total disc
replacement is that total disc replacement replaces the whole disc including
the end plates whereas nucleus replacement does not inciude end plate
replacement. The main concern is which procedure to apply to the patient.
If the patient has end plate defects and/or high Body Mass Index (30 or
over) and/or high disc collapse (residual height less than 5 mm), then
nucleus replacement is not advisable (Ray, 2002).

Ray designed many related prosthetic disc-nucleus (PDN) (Ray, 2002). The
toughest problem in the case of PDN is to position it properly and strongly
in the annular disc. The core made up of hydrophobic gel is contained by a
cover of polyethylene mesh like fabric. The hydrophobic gel absorbs the
water and expands but it is constrained by the polyethylene mesh to
prevent overexpansion. One of the major advantages of PDN over total disc
replacement is the ease in the surgical approach. PDN can be very easy to
operate due to the posterior approach laminotomy and standard disectomy.
It has shown good clinical results after 1-year follow-up (Bertagnoli and
Schonmayr, 2002), however some migration of the disc was reported.
Therefore, the surgical approach was changed from posterior to lateral. In
another design of PDN, a coiled spiral implant was designed (Korge et al.,
2002). In 1975, Stubstad and colleagues has patented a helicoid disc
implant, however this design was never used in humans (Stubstad et al., 25
February, 1975) (Urbaniak et al., 1973).

Many different nucleus replacement disc designs were developed and many
are described in the following sources,

# Kuntz (Kuntz, 21 september, 1982).

W% Fernstrém (Fernstrém, 1964) (Fernstrém, 1965) (Fernstrém, 1966).

% Ashida and associates (Ashida et al., 1990)

W% Bao and Higham (Bao and Higham, 10 September, 1991) (Bao and
Higham, 9 March, 1993).

% Schneider and Oyen (Schneider and Oyen, 1974a) (Schneider and
Oyen, 1974b).

76



@ Hou (Hou, 1994).

@ Roy Camille and associates (Roy-Camille et al., 1978)
@ Reitz-Joubert (Reitz and Joubert, 1964).

@ Froning (Froning, 8 April, 1975).

@ Ray and Corbin (Ray and Corbin, 20 September, 1988).

6.3 ARTIFICIAL SPINAL DISC MARKET TODAY

In 2008, the global spinal implant market was valued at around £6 bn,
which includes all types of spinal surgery from the minimally invasive to disc
replacement. This market is predicted to rise because of the growth in the
aging population, and the increasing preference of surgeons to carry out
invasive surgery for back problems. Non-fusion technologies have emerged

as the most significant factor driving growth in the spinal implant market.

Figure 6-6: Integra - eDisc (L) (Slack Inc.-Orthosupersite, 2008) and Stryker Spine
- Flexicore® spinal disc (R) (Murtagh et al., 2010).

Today, there are five main companies focussing on releasing clinical data
that demonstrate the efficacy and economic benefits of spinal non-fusion
surgery. Most notably, no comprehensive data exists which predicts what
happens when they fail. Additionally, compared with conventional
approaches, health authorities and insurers are still sceptical of the cost and
risk of the replacement surgery. Five companies have dominated the spinal
implant market, which equals around 78% of the market (Table 6-1). They
are Zimmer Spine (Figure 6-9), Stryker Spine (Figure 6-6), DePuy Spine
(Johnson and Johnson, Figure 6-10), Synthes Spine and Medtronic Spinal.
Medtronic is the market leader with over 40% market share. It acquired
Kyphon in 2007 to improve its market position. DePuy held a 16% share of
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the market in 2007, followed by Synthes on 13% and Stryker on 9%
(Figure 6-6, 6-10 and 6-11). Zimmer signalled its intentions, in 2008, with
the acquisition of Abbott Spine, giving the company a 6% share of the
market. The major spinal manufacturers have all seen their positions in the
market decline in recent years, as numerous new companies enter the
spinal market with proprietary technology aimed at improving current
surgical approaches.

Figure 6-7: Medtronic-Prestige® spinal disc with lateral flexion and extension
radiographs after implantation. (Boulder neurosurgical associates, 2010).

Figure 6-8: Medtronic - Bryan® spinal disc (R) (Medtronic Inc., 2010).

Table 6-1: Spinal market competitors by market share in 2009

Company | Medtronic | Synthes | J&J Stryker | Nuvasive | Zimmer | Other

Market 39% 14% 14% | 9% 4% 4% 16%

share
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Figure 6-9: Zimmer Spine - Dynardi® artificial spinal disc (Zimmer Inc., 2010)
(Neurocirguia Contemporanea, 2010).

Figure 6-10: DePuy Spine (Johnson and Johnson) - SB CHARITE® Artificial spinal
disc (Neurocirgia inc., 2010) (Microspine inc., 2010)

Figure 6-11: Synthase spine - Prodisc II (L), Medtronic - Maveric (Murtagh et al.,
2010).

Companies including SpinalMotion and NuVasive (Figure 6-12) are mounting
challenges to the big five companies with alternatives to the non-fusion
devices. These two companies have developed alternative artificial discs for
orthopaedic surgeons, such as SpinalMotion's Kineflex and Kineflex-C as
well as Cervitech/NuVasive's PCM. NuVasive’s innovation PCM and NeoDisc
were both reported entering into clinical trials in 2009. The new entry aims
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to target the market share of several current products including Medtronic’s
Prestige and Bryan XL-TDRs as well as Synthes, Inc.’s ProDisc - TDR.

Figure 6-13: B.Braun Spine disc - Active-L spinal disc prosthesis (Top Left),
Superior end-plate (Top Right), Inferior end-plate with UHMWPE inlay material
(Bottom Left) and Outer side of end-plates with anchor studs and porous titanium &
Calcium phosphate layer for enhancing osseous induction process (Bottom Right).
(B.Braun Inc., 2010)

The multinational company B.Braun also acquired Aesculap Spine Company
and its product Active-L lumbar spinal disc (Figure 6-13) is very well placed
in Europe. Integra Spine (Figure 6-6) is a leading manufacturer of spinal
disc implants, currently aiming to commercialise an implantable disc with
sensors by 2013. There are around 90 spine bioengineering companies
worldwide summarised in Table 6-2.
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Table 6-2: The rest of spine technology companies (worldwide)

Abbott Spine

Technologies

Acuiia y Fombona

Interbody Innovations

Signus Medical

Aesculap Implant Systems

ITEM Implant

Sintea Biotech

Allez Spine

Japan Medical Materials

Soelim International

AlloSource

Jemo Spine

Solco Biomedical

Alphatec Spine

K2M

Specialty Spine Products

Altiva

Kiscomedica

Spinal Edge

Amedica

Lafitt

Spinal Elements

ASpine USA

Lanx

Spinal USA

Atlas Spine

LDR Spine

SpineArt

Australian Surgical
Innovations

LifeLink Foundation

SpineSmith

AustSpine

LifeNet Health

SpineVision

Axiomed Spine

Life Spine

Spine Wave

Biomet Spine

MBA Grupo

SpineWorks

Choice Spine

MEDICREA

Surgi C

Custom Spine

Mizuho Medical

Surgical House

Device Technologies
Australia

Musculoskeletal Transplant
Foundation

Surgicraft

SURGIVAL

Dieter Marquardt
Medizintechnik

NeuroMax

Theken Spine

NuVasive

Titan Spine

Eden Spine

Ortho Development

TranS1

Elite Surgical Supplies

Orthofix Spinal Implants

ulrich medical

Encore Medical

OrthoTec

US Spine

ESM Technologies

permedica

Vertebration

Eurosurgical

Peter Brehm

VERTEBRON

Flexuspine

Getz Bros. & Co.

PINA
MedizintechnikVertriebs

X-spine Systems

Global Orthopaedic
Technology

Pioneer Surgical
Technology

Yufultonag

Globus Medical

Quadrant Medical

GS Medical

Regeneration Technologies
Inc. Biologics

Inland Spine

Scient'x

Innovasis

SeaSpine

Innovative Spinal

Shinwoo Medical
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7 INVESTIGATION OF SENSING MODALITIES

i

7.1 INTRODUCTION

The main objective of this research is to develop an intelligent artificial
spinal disc for measuring the loading/stresses on the lumbar disc; hence,
the selection of an appropriate sensing modality (sensors) which can
correctly measure the force on the lumbar disc is critical. The force is
defined as:

“An action that will cause acceleration or a certain reaction of a body and is
a vector quantity” (Elbestawi, 1999).

Many different approaches to measure forces are possible but there are
some limiting factors in selecting applicable sensing modalities. The limiting
factors in selecting the sensor are compactness, reliability, accuracy,
biocompatibility, robustness, and suitability for appropriate signal
conditioning electronic circuitry with ultralow power consumption. Due to
the recent developments in sensors, electronics, circuits, material science,
there are many sensing modalities that can be explored for this application.

The fundamental of the force measurement depends on the physical
behaviour of the body subjected to external forces. So, mechanical
behaviour of the body/material is crucial for force measurement. The
relation between stress and strain is defined by Hooke’s law and that is
fundamental for force measurement for the body in static equilibrium and in
elastic region (Elbestawi, 1999).The measurement of the force regime more
or less overlaps or directly connected by the other regimes of measurement
of other measurands like pressure, strain, displacement, load and even
acceleration. According to Newton’s fundamental law, the force is equal to
the multiplication of the mass (m) of the body and the acceleration (a) of
the same body due to that force (F = m x a). Hence, the force (F) causes
the change in bending moments of the body.

The force can be measured by different principles and they are as under,
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@ By comparing the unknown force with the known reference
force when the body is in equilibrium (according to Newton’s
Law).

By measuring the pressure on the known area of the surface.
By measuring the acceleration of the known mass.

By measuring the displacement between the known objects.

& ¢ ¢ &

By measuring various electrical, magnetic, optical quantities
which changes due to the applied forces like resistance,
capacitance, magnetic field, luminance, etc.

(Brodgesell et al., 2003).

7.2 SENSING MODALITIES

Having the above in mind, different sensing modalities have been reviewed
for consideration in this research. A description of these modalities is the
subject of this section.

7.2.1 Piezoelectric: Sensing Modality

When the piezoelectric material is subjected to a force, it deforms
asymmetrically and develops an electric potential across the material. This
phenomenon is known as the piezoelectric effect (Gautschi, 2002). This
reversible phenomenon means that when an electrical potential is applied
across the piezoelectric material it deforms. Hence, the piezoelectric effect
can be of two forms, one is a direct effect and the other is a converse effect
(reversible phenomenon). Due to its typical characteristics, the piezoelectric
material is also known as the electro-restrictive material (Gautschi, 2002)
(Elbestawi, 1999).

The magnitude and polarity of induced charge are proportional to the
applied force to the piezoelectric material.

Where, Q = Electric Charge induced (Coulomb)
F = Applied force (Newton)

d = Charge sensitivity (constant for particular material)
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The force causes variation in thickness of material, AT meters,

RO )

Where, A = Area of material
T = Thickness of the material

Y = Young’s modulus

Voltage developed across material is,

v =2. «(3)
Where, C = Capacitance (Farad),
=(eA)/T
€ = Absolute permittivity of the material
Hence,
From equation...(1) and equation...(3),
V= dF
cA/T
The voltage sensitivity = E = d / g, in Volt.m/N,
V = E.(T/A).F
V = B TP ittt ettt n .(4)

Where, E = Voltage sensitivity (Volt.m/N)
T = Thickness (m)
P = Pressure (N/m?)

(Elbestawi, 1999).
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The applications of the piezoelectric effect can be classified as in Figure 7-1.

g a»uﬁﬂiﬁif
HT MR,

Figure 7-1: Applications of Piezoelectric effect: Categorized on basis of Direct Effect
or Converse Effect (Gautschi, 2002).
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Piezoelectric Materials

The important piezoelectric materials are:

¥ Quartz: This is the most common type of piezoelectric material. It's
chemical formula is SiO2. In this type, the other common quartz
materials are a-quartz, B-quartz and synthetic quartz (Gautschi,
2002), (Arnau, 2004).

# Tourmaline: It is an aluminum borosilicate material. It has high
mechanical strength and possesses good resistance against acid and
alkali. It is proprietarily used by the AVL Company (Gautschi, 2002).

# Gallium Orthophosphate: This material has high temperature
stability and that’s why it is used in high temperature application
(Gautschi, 2002).

¢ Crystals of Ca-Ga-Ge Group: It is synthesized crystals with
compound Ca3Ga2Ge4014. It has high electromechanical coupling
and used mainly for frequency control applications it is more resistive
than quartz (Gautschi, 2002).

# Lithium Tetra Borate: its chemical formula is Li2B407. High
piezoelectric co-efficient d33 and high electromechanical coupling of
lithium tetra borate makes it very attractive for surface wave acoustic
application (SAW). This seems one of the very promising modalities
required to be explored for this application (Gautschi, 2002), (Arnau,
2004).

# Piezoelectric Ceramics (PZT): It is also, very promising material
for this application as a sensor. When electric potential applied to
piezo-ceramics, it generates an elastic strain. The relationship
between strain and applied electric potential is normally linear, but in
some material like PMN (lead manganese niobate) the relationship is
non-linear. This can be used as a force sensor but its most popular
use is as a force actuators and oscillators in electronic watches and
tuning devices. It may be possible to use it after some modifications
as a sensor for this application but such an approach will require a
significant contribution in the development of a new material which is
beyond the scope of this research. Moreover, it has limited life and
stability. It is sensitive to temperature as well. It has lower resistivity
hence; it is less likely to be used for the quasi-static measurement.
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In total this is avoided for further exploration in this research
(Gautschi, 2002).

# Piezoresistive Thin Film: This modality is very useful in this
research application. This sensor is made-up of semiconducting
material, usually carbon. When it is subjected to force the distance
between carbon particles are changed and that changes the overall
resistance of the sensor. Hence, when load/force is applied to
Piezoresistive sensors, the resistance or conductance changes
accordingly (Elbestawi, 1999). The positive part of this sensing
modality is its thin film type structure and its load Vs conductance
relationship which is linear. Moreover, it consumes very low power.
The Piezoresistive sensor measures force not strain as in the strain
gauge and due to that force the resistance/conductance of the sensor
is proportional to the applied load to the sensor (Gautschi, 2002).

In total, piezoelectric materials look very promising modalities for this
research because they are active sensors. As mentioned before, the
piezoelectric material’s output decays with time on application of the
compressive load. That's why it cannot be used to measure the static
forces. Hence, it will not be selected for further exploration in this research
. project except from the piezoresistive thin film. Moreover, it needs to be
calibrated often which is next to impossible for this application. Moreover, it
is mainly useful in dynamic applications. It is also, not useful in continuous
loading condition, as in this application the disc is always in loading
condition at any point of time. However, there is lot of research in this
material for force sensing applications. The magneto restrictive material is
more useful in actuators rather than sensors. The shape memory material
like PLZT (Lanthanum-doped lead zirconatetitanate) is looking very
promising because it can be activated by an electric charge instead of heat.
But still it is in its primary phase of development for being used as a sensor
in this application. The amorphous iron alloys also known as metallic glasses
is very interesting material for this application (Fletcher, 1996).

7.2.2 Rare Earth Permanent Magnets:

The newly discovered rare earth permanent magnetic material like NdFeB
can also be used as a force sensor but it is mainly used as an actuator. The
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magnetic actuators made from this material can generate forces as high as
2712 Joules over a 0.6096 m stroke (Fletcher 1996). In this research the
requirement is just opposite to it as the loading range 0 - 4 kN is what is
needed to be measured instead of generating high force from a small input
change.

7.2.3 Capacitive Sensor

This is one of the most promising sensing modalities for this research
application. It has high accuracy, precision, low drift, compactness,
repeatability, stability, ruggedness. It also, with proper design and
fabrication, has negligible effect of temperature and humidity. One of the
main advantages is that it has very good resistance against mechanical
misalignment and it also possesses good shielding ability against stray
electric fields. Due to these reasons it is very popular in instrumentation
industries, after strain gauges, in measuring pressure. In this application, it
is very much possible to develop the whole measurement system with the
requirement of ultralow power signal conditioning circuitry (Elbestawi,
1999), (Liptak, 2003).

The capacitive sensor measures the capacitance between conductors in a
dielectric environment. For excellent performance of the sensor, the
diaphragm material of the sensor should be elastic for a designated force
range. The commonly available materials are steel, inconel, Ni-span C,
quartz, silicon, etc (Liptak, 2003).

The capacitive sensor works on Coulombs Law,

F = (Q1.Q2) / (4.T].£0.72)

Where,

F = electrostatic force between two charges (N)

Q1 and Q2 = Electrical Charges of two conductors (C)

r = Distance between two conductors (m)

g, = Permittivity of free space (F.m™)
T = Const. = 3.1412

The capacitance between two parallel plates is (as shown in Figure 7-2),
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Figure 7-2: Working schematic of the capacitor with important parameters like d, A
etc.

C= (exA)/d

Where,

C = Capacitance between two parallel plates (F)
A = Area of plates (m?)

d = Distance between two plates (m)

e = Dielectric Constant (F.m™)

There are mainly two main designs of capacitive sensors. One is a single
plate and other is a two/multiple plate design. In the single plate design,
the force is applied to the diaphragm and that deflects the diaphragm.
Hence, the capacitance is changed between the fixed plate and the
diaphragm due to the change in the distance between them. The change in
capacitance is converted to dc current in milli-ampere range or in dc voltage
form (Liptak, 2003).

In this research, it is possible to use this approach but design it in
somewhat different way. The proposal is that the change in capacitance is
connected with a fix value inductor to make an LC circuit. Hence, the
change in resonance frequency of the LC circuit indicates the applied
pressure/force.
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The two/multi plate design is operated in two different methods. In the first
method, the change in capacitance between diaphragm and plate changes
the capacitance in the other arm of the bridge circuit to balance the bridge.
Hence, the null point indicates the applied pressure/force. In the second
method, the applied pressure/force is the ratio of the output voltage to the
supply voltage. The multiple plate design is used to avoid the effect of stray
capacitance on the measurement (Liptak, 2003).

The capacitive Pressure sensor has accuracy in the range of +£0.1% to
+0.2% of the span. The range of the applied pressure can be as low as
vacuum pressure and as high as 35 MPa (Liptak, 2003).

7.2.4 Strain gauges

The strain gauge is a sensor which measures strain in an elastic region.
Strain is defined as the amount of deformation due to the applied load. The
strain gauge is made-up of a finite length of gauge wire placed in designed
pattern like a flat coil as shown in Figure 7-3. This coil is then cemented or
bonded between two insulating material sheets. The gauge wire is of
resistance such as 120 @, 3002, 1000 Q etc. Due to the strain the cross
sectional area of the grid wire changes due to the change in length of the

conductor, as shown in Figure7-4.

Align Marks
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Figure 7-3: Detail schematic view of the strain gauge
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Figure 7-4: Schematics of the strain - equal to the change in length per original
length due to the applied force, & = AL/L

Due to the compressive force, the length L is changed to L-AL and due to
tensile force the length is changed to L+AL. Although dimensionless, the
strain is sometimes expressed in units such as in/in or mm/mm. In practice,
the magnitude of the measured strain is very small. Therefore, the strain is
often expressed as micro strain (4 8), which is 8 x 106,

When a bar is strained with an uni-axial force, as in Figure 7-4, a
phenomenon known as the Poisson Strain causes the girth of the bar, D, to
contract in the transverse, or perpendicular, direction. The magnitude of
this transverse contraction is a material property indicated by its Poisson's
Ratio.

The Poisson's Ratio n of a material is defined as the negative ratio of the
strain in the transverse direction (perpendicular to the force) to the strain in
the axial direction (parallel to the force),

or
n=- eT/el
Where, er = Strain in transverse direction, e = Strain in axial direction

Poisson's Ratio (n) for steel, for example, ranges from 0.25 to 0.3 (National
Instruments Corporation, 2010).

Therefore, the total resistance of the grid wire changes i.e. strain gauge.
This is most common, highly reliable and widely used method of measuring
strain and hence loading/force. There are mainly two types of strain gauges
available, one is made up of metal and other is made up of semiconductor
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material. The semiconductor strain gauges are more sensitive than metal

strain gauges but they are also very much sensitive to temperature.

The metallic strain gauges consist of metallic foil arranged in a grid pattern
as shown in figure 7-3. This grid of metallic foil is bonded to thin backing
material which is known as a carrier. This carrier is directly adhering to
specimen whose strain is to be measured. Due to the applied load to the
specimen, the strain develops on the specimen which transferred to the
carrier and then to the grid of the strain gauge. The commonly used carrier
materials are polyimide and resins like glass reinforced phenolic resin. For
better accuracy the grid metal is selected to match the temperature
response of the specimen material (National Instruments Corporation,
2010). Due to its ruggedness, reliability, precision and easy to develop
ultralow power signal conditioning circuitry, it is selected for further
exploration in this research. More details about the selected strain gauge
are provided in chapter-8 (section 8.3.1).

7.2.5 Optical sensors

This is a new and innovative way of accurately, without the significant effect
of hysteresis and temperature, measuring the force/pressure. The simplified

cross-sectional view of an optical sensor is shown in Figure 7-5.

Reference
LED Diode

Opaque Vane Measuring Diode

Measuring Pressure

Figure 7-5: Detail schematic view of the design of the load cell using optical sensor

The measured pressure deflects the diaphragm; hence, the vane connected
to the diaphragm deflects accordingly. Due to the movement of the vane it
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blocks the light incident on the measuring diode. In this sensor, the light
emitting diode (LED) is used as a source of light. On the other side the two
diodes are located in a straight line as shown in the figure. One diode is a
measuring diode and other is a reference diode. The reference diode is
placed to eliminate the error due to the change in light energy incident on
the diodes. The reference diode is fitted in such a way that light incident on
this diode will never be blocked by the vane due to the diaphragm
movement. The optical transducer is immune to temperature effects
because the temperature affects both the diodes equally. Moreover, the
optical transducer has £0.1% accuracy and has good response time as well.
The pressure measurement range is 35 kPa to 413 MPa. Due to the very
little deflection of the diaphragm it has very low hysteresis and good
stability. When compared with the capacitive sensor and the strain gauge
sensor, it is less mechanically stable, rugged and it requires frequent
calibration. Overall measurement system require more space and power in
comparison with capacitive and strain gauge sensor. For these reasons, it
will not be considered in this research project.

7.2.6 Surface Acoustic Wave (SAW) Sensors

It is one of the most promising sensing modalities for further exploration in
further development of this research project. This sensing modality detects
the acoustic waves (mechanical wave), hence, it is named as surface
acoustic wave sensor. When any acoustic wave propagates on the surface of
the material, a little change in the material’s surface due to any reason like
loading, stress, strain etc., affects the velocity and/or amplitude of the
wave. Hence, the measurements of velocity, frequency, phase, amplitude,
indirectly become the measurement of corresponding physical quantities
being measured.

Figure 7-6 shows a schematic diagram of the SAW sensor. When alternating
signals with some frequency approach the input sensor it is converted to an
acoustic wave which propagates on the sensor surface. The device also
comprises of an IDT (Inter Digital Transducer) which converts acoustic wave
to the electric signal by using the piezoelectric effect of the material. Due to
the stresses, its amplitude and velocity changes and hence that represents
the applied load or force to the sensor indirectly. The manufacturing process
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of the sensor includes the common technology as used in the integrated
silicon circuits. Almost all acoustic wave devices use piezoelectric materials
for generating acoustic waves. Many piezoelectric materials discussed
before in this chapter are used in making surface acoustic wave sensors.
The selection of the material is dependent upon many criteria like
temperature dependence, attenuation and propagation velocity and other
required relevant mechanical characteristics. Typical SAW sensors operate
from 25 to 500 MHz.

Input Ouptput
Transducer Transducer
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Absorber Piezoelectric Substrate =~ Absorber

Figure 7-6: Surface Acoustic Wave Sensor-SAW Sensor-Schematic diagram
explaining its working principle

A SAW pressure sensor weighs less than 1 gram and has a resolution of
0.73 PSI. One of the disadvantages of SAW sensor is its sensitivity to mass
deposition. The only solution to this problem is to fix it in hermetically seal
enclosures and that can make it very difficult to use in this research project
as space is of paramount importance. Though, its application in this project
is interesting enough to explore (Drafts, 2000).

7.3 CONCLUSION

Following the review of different relevant sensors for measuring
load/stress/strain/force it has been decided that the two sensors that will be
used in this application will be the strain gauge and the piezoresistive
sensor.
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8 DESIGN AND DEVELOPMENT OF THE
ARTIFICIAL SPINAL DISC PROSTHESIS
LOADING CELL

8.1 INTRODUCTION

Following the discussion on sensing modalities in the previous chapter, this
chapter describes the design of the load-cell for measuring the correct in
vivo spinal loading using the two selected sensors (strain gauges and
piezoresistive sensor).The load measuring range for this experiment is 0 to
4 kN. One of the authentic in vivo spinal load measurement experiments
was done by Nachemson and the maximum load measured with 20-kg
weights in hands was a little more than 2 kN (Nachemson, 1966). Moreover,
normal physical activities never cross more than 1 kN. Hence, when
considering a heavy patient the range is set to 4 kN maximum with a 5%
tolerance margin.

8.2 SENSING ELEMENT

The sensing element’s size, shape and material determine the range of
measuring force. Usually to measure the force the sensing element is of the
following types of shape,

& Beam

% Proving ring
& Diaphragm
¥ Column

Unfortunately, in this application there are no possibilities of using any of
the above types. To measure the correct in vivo loading on the spinal disc
the lumbar artificial spinal disc prosthesis is chosen as a sensing element
(Figure 8-1). In the case of using strain gauge sensors, the strain gauges
are installed on the surfaces of the sensing element where maximum strains
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occur. For example, in a cantilever beam type sensing element the

maximum strains occur on the opposite end of the free end of the beam.

In this research a commercial artificial lumbar spinal disc prosthesis is used
as a sensing element in order to develop the load-cell to measure the
loading on the lumbar spine. After consulting clinical partners for this
research, an Active-L lumbar disc from Aesculap- B.Braun is used (Figure 8-
1). The main specifications of the disc used are:

% Company: Aesculap - Braun, Germany
@ Brand: Active - L

@ Size: Medium - 6°

@ Inlay Size: 10 mm

Upper End Plate

28 mm

Inlay Material

Lower End Plate

Figure 8-1: Artificial Disc Prosthesis, Aesculap (B.Braun), Active®-L (Size M)
(Aesculap, B.Braun Ltd. , 2005).

@ Materials:
ISODUR®F Cobalt wrought alloy CoCr29Mo acc. To 5832-12
(End-plates), PLASMAPORE® u-Cap surface coating made of
pure titanium acc. to ISO 5832-2, with an additional calcium
phosphate coating Ultra-high  molecular low-pressure
polyethylene acc. to ISO 5834-2(ISODUR® and
PLASMAPORE® are registered trademark of Aesculap AG &
Co. KG, 78532, Tuttingen / Germany.). Inlay material is
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Polyethylene UHMWPE (Ultra High Molecular Weight Poly-
Ethylene) ISO 5834-2.
(Aesculap, B.Braun Ltd. , 2005).

8.3 SENSORS

As discussed before, in this experiment two types of sensors are used to
measure the loading/force on the disc. They are strain gauges and
piezoresistive sensors.

8.3.1 Strain gauge sensor

The strain gauges are most commonly used in the development of load cells
with an aim to translate the detected force into an electrical signal. The
oldest strain gauge design is the foil-type strain gauge, which have been
widely used in 4- to 20-mA transmitters. The foil strain gauges are available
with normal resistances from 120, 350, 1000, to 5000 Q. The thin foil
(0.0001 in., or 0.0025 mm in thickness) is bonded to the sensing element
surface where maximum strain occurs using speciality adhesive.

Figure 8-2: Different types of Strain Gauges with attached leads (HBM Ltd., 2005).

The specifications of the Strain Gauges used in this research (examples
shown in Figure 8-2) are as follows:

@ Company: HBM _ Germany

@ Order No: K-LY41-3/120-3-2M

@ Type: Linear Strain Gauge with Teflon wire and 2-measuring
grids
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o

Temperature response match to steel with a = 10.8 (10-6 /
OC)

Resistance: 120Q +0.35%

Gauge-factor: 2.00 = 1%

Transverse sensitivity: 0.2%

& & & &

Temperature coefficient of gauge factor: 104 £ 10 (10-6 / °C)
(-10+ 45°C)
(HBM Ltd., 2005).

8.3.2 Piezoresistive thin layer sensor

The Piezoresistive sensor measures force not strain (as measured by the
strain gauge). The compressive force which needs to be measured passes
through the piezoresistive sensor and due to that force the
resistance/conductance of the sensor is changed. This change is
proportional to the applied load to the sensor. The Piezoresistive sensor is a
load bearing sensor. For this experiment the Flexiforce® (Tekscan Inc)
sensor as shown in Figure 8-3 is used, which is a thin-film and flexible
sensor with better linearity, repeatability, hysteresis, drift and temperature
sensitivity than any other thin-film sensor available on the market today.

Output Sensing
connecting Area
pins

Figure 8-3: Flexiforce® sensor (Piezoresistive thin layer) (Tekscan Inc., 2007).

The sensors are constructed of two layers of substrate. This substrate is
composed of polyester film. On each layer, a conductive material (silver) is
applied, followed by a layer of pressure sensitive ink. Adhesive is then used
to laminate the two layers of substrate together to form the sensor. The
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silver circle on top of the pressure-sensitive ink defines the “active sensing
area.” Silver extends from the sensing area to the connectors at the other
end of the sensor, forming the conductive leads.

When the sensor is unloaded, its resistance is very high (greater than 5
MQ); when a force is applied to the sensor, the resistance decreases.
Connecting an ohmmeter to the outer two pins of the sensor connector and
applying a force to the sensing area can read the change in resistance. One
important fact about this sensor is that the applied load Vs resistance
relationship is non-linear but the applied load Vs conductance (1/R)
relationship is very much linear.

The specifications of the sensor are:

# Company: Tekscan Inc.-USA

# Brand: Flexiforce®

% Model: A201-100 (0-100 b range or 0-445 N ), can be
extended up-to 0-1000 Ib (0-4448 N) range by using low drive
voltage and less feedback resistance in drive circuit (as given
in signal conditioning section).

Sensor life: Over 1-million load cycle with 50 Ib force
Operating temperature range: 15°F (-9°C) to 140°F (60°C)
Linearity (error): <+/- 5%

Repeatability: <+/- 2.5% of full scale (conditioned sensor,
80% force applied)

& Hysteresis: <4.5% of full scale (conditioned sensor, 80% force

¢ & & «

applied)

& Drift: <3% per logarithmic time scale (constant load of 90%
sensor rating)

# Temperature sensitivity: Output variance up to 0.2% per
degree F (approximately 0.36% per degree C). For loads >10
Ibs (44 N)., operating temperature can be increased to 165°F
(74°C).

(Tekscan Inc., 2007)
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8.4 FABRICATION OF THE LOAD CELL

The two types of sensors, strain gauge and piezoresistive (Flexiforce®-
Tekscan), were mounted on the superior (upper) and the inferior (lower)
end-plates of the artificial spinal disc at the locations as shown in Figure 8-
4(A), 8-4(B), 8-4(C) and 8-4(D). The location and size of the strain gauges
were selected according to the available and suitable space on the surface
of the end plates by carefully placing them so they will not have any effect
in the loading process.

Figure 8-4: (A; top left)Superior end-plate of the prototype artificial spinal disc
prosthesis with four strain gauges in place (B; top right) Inferior end-plate of the
prototype artificial spinal disc prosthesis with four strain gauges in place (C; bottom
left) Piezoresistive sensor (Flexiforce® sensor) placed on top of the inlay material
set on the inferior end-plate (D; bottom right) Piezoresistive sensor (Flexiforce®
sensor) placed at the bottom of the inlay material set on the inferior end-plate.

Figure 8-4(A) shows four strain gauges mounted on the upper end-plate of
the disc. Figure 8-4(B) shows four strain gauges mounted on the inferior
end-plates of the disc. The strain gauges are installed as per BSSM (The
British Society for Strain Measurement) standard for code and practice. The
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installation procedure begins with the preparation of the surface for
installation. The strain gauges are installed on that surface with quick-
drying cyanoacrylate adhesive. This adhesive builds a stiff bond instantly
that transfers the strain with minimal loss from the application surface to
the strain gauge carrier surface. Thereafter, constant pressure is applied for
1 minute with thumb or hand, and then is left for 30 minutes to 60 minutes
for curing. Figure 8-4(C) shows the piezoresistive sensor (Flexiforce®-
Tekscan) mounted on the top of the inlay material and Figure 8-4(D) shows
piezoresistive sensor (Flexiforce®-Tekscan) kept on the inferior end-plate of
the disc placed at the bottom of the inlay material.

As said above the Piezoresistive (Flexiforce®- Tekscan) sensors are load
bearing sensors for measuring force and will be used for measuring the
compressive forces subjected to the disc. The sensors will be placed above
and below the inlay material in order to observe the visco-elastic behaviour
of the inlay material and hence of the disc.

Therefore, the placement of all sensors securely on the artificial spinal disc
completes the design and fabrication of the load-cell which will be used in
this research for measuring the forces on the disc during loading.
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O DESIGN AND DEVELOPMENT OF THE
MECHANICAL TOOLS, ACCESSORIES AND
ELECTRONICS DATA ACQUISITION SYSTEM

9.1 INTRODUCTION

This chapter describes the in vitro experimental set-up including required
mechanical tools, jigs and fixtures, signal conditioning, data acquisition and
processing system with both hardware and software. The signals produced
by the sensors located on the load cell are further conditioned and all
acquired data are stored in a PC based data acquisition system in the form
of .lvm, .xl, and .bin files for further analysis.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>