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Arthrosis of the discs in the cervical spine negatively affects daily activities
in the adult population. In light of the growing incidence of this pathology,
we believed that offering an overview of surgical approaches to cervical spine
treatment might help the medical community to adopt the most appropriate
solution to this pathology.

A book on the state of the art of cervical spine surgery, both conventional
and minimally invasive, may be of interest to surgeons (both expert and
young) as well as clinicians with little or no experience of this field of sur-
gery. Owing to contributions from various highly trained specialists from all
over the world, this book aims to provide the reader with essential knowledge
of the most advanced surgical cervical spine techniques and their
applications.

I believed that it was also important to present a chapter about new anes-
thesiology methods applied in the minimally invasive field, as general anes-
thesia is usually not required; in fact mild sedation allows one to safely
operate on patients with chronic cardiopulmonary diseases or compromised
general conditions.

Most of the chapters concern the osteodiscoarthritis pathology, which is
mainly responsible for chronic cervical and/or radicular pain in the forth to
sixth decades of life, with step by step presentation of either the most
advanced MISS (endoscopy) or the standard procedures such as ACDF (ante-
rior cervical decompression and fusion) using cages or autologous bone, pos-
terior approach to axis instability, minimally invasive stabilization systems,
and cervical disc arthroplasty. Looking to the future, chapters about the role
of materials in cervical spine fusion and the biomechanical engineering eval-
uation in cervical tribology are also presented.

I would like to thank all the authors because of the high scientific value of
their contributions. This handbook is forwarded by ISLASS (International
Society Laser and Percutaneous Procedures in Spinal Surgery), a multidisci-
plinary society devoted to the standard and the most innovative procedures in
spinal surgery.

Rome, Italy Pier Paolo Maria Menchetti, MD, FRCS
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Michele D’Arienzo, Giovanni Peri,
Biagio Valentino, Antonella Conti,
Antonio D'Arienzo, and Daniele Peri

The vertebral column, or spine, consisting of a
coordinated series of 33-34 vertebrae separated
from each other by intervertebral disks, is divided
in five segments or sections: cervical, dorsal,
lumbar, sacral and coccygeal [1-7].

The cervical section is made up of 7 vertebrae,
the thoracic section of 12 vertebrae the lumbar
section of 5 vertebrae, the sacral of 5 vertebrae
which are fused together and the coccygeal sec-
tion is made up of 4-5 vertebrae.

Functionally, vertebrae form a single structure
designed to maintain the upright posture and bal-
ance against the gravity, to allow the locomotion
and every other kinetic movement in relation to
forces applied and to resistance.

This is because the two basic requirements of
the spine are rigidity, for the static efficiency and
protection of spinal cord and spinal nerves, and
flexibility for the kinematics of spine.

Spine consists of physiological curves, cervi-
cal and lumbar lordosis, thoracic and sacral
kyphosis, which greatly increase the resistance to
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the stress of axial compressions compared to a
rectilinear column (up to ten times).

The cervical section, ‘“cervical vertebrae
C1-C7”, whose length varies from 15 to 16 cm in
women and from 18 to 19 cm in men which 1/4 is
represented by the thickness of the intervertebral
disks, presents a lordodic mobile anteriorly con-
vex curvature of about 36° that varies according
to modifications of the other spinal curves and
it’s more accentuated in elderly.

The cervical segment supports the head allow-
ing at the same time large freedom of movement
and it also protects the upper section of spinal
cord, vertebral arteries and cervical and brachial
plexa.

Cervical vertebrae, according to their pecu-
liarities, can be grouped in:

— Superior group made up by C1-C2 vertebrae
— Inferior group made up by C3-C7 vertebrae

So in the cervical spine a superior section and
an inferior section can be recognized.

Superior Cervical Spine

Cl1 is also known as atlas and C2 as axis and they
have different peculiarity from the other
vertebrae.

Atlas is ring-like shaped and it’s made of an
anterior arch which have a median tubercle and

PP.M. Menchetti (ed.), Cervical Spine: Minimally Invasive and Open Surgery,
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an anterior convex facet; It’s also made of a pos-
terior arch which consists of a median tubercle
too and to lateral masses. It has no body and no
spinous process.

Both of lateral masses presents a concave
superior articular facet which articulates with
occipital condyles and a flat inferior articular
facet which articulates with the axis.

Medially, the lateral masses present a little
rafe in which the atlas transverse ligament inserts
and divides in two halves the vertebral foramen:
one anterior half for the tooth ad a posterior half
for the spinal cord.

Axis is the second cervical vertebra whose
structure is similar to the other cervical verte-
brae. The most distinctive characteristic is this
strong conic process, called odontoid process
or tooth which is placed vertically on the supe-
rior surface of the vertebral body presenting
two articular facets, an anterior one and a pos-
terior one.

This process, with its anterior articular facet,
articulates with the articular facet of the anterior
arch of the atlas and, with its posterior articular
facet, with the atlas transverse ligament. Vertebral
foramen is smaller than in the other vertebrae and
it’s triangular.

Inferior Cervical Spine

Inferior cervical spine is made up of five
vertebrae (C3-C7) which have different
morphogenetic characteristics that are similar to
each other.

They consist of a smaller articular body devel-
oped in transversal direction. The body has also
two faces, superior and inferior, and also has at
the lateral extremities two rafes directed superi-
orly called spinosus processes.

Two pedicles are directed backward and trans-
verse processes are located anteriorly. Each of
these processes consists of two roots, an anterior
one and a posterior one which are linked by a
bony lamina.

On the base of the two transverse processes
there is a hole, the transverse foramen. The
transverse channel is made of all the transverse

M. D’Arienzo et al.

foramina and it’s crossed by the vertebral vessels
and by the vertebral nerve.

Articular processes, superior and inferior, are
located posteriorly to the pedicles and articulate
with the upper and lower vertebra. Superior artic-
ular process ends with an articular facet facing
backward while the inferior one with an articular
facet facing forward.

Spinous processes are short and bifid with the
exception of the 7th cervical vertebra which it’
called prominent whose spinous process is long
and not bifid and palpable on the base of the
neck and it’s an important landmark if you are
looking for upper and lower vertebrae. The 7th
vertebra has also a smaller transverse foramen
through which only the vein ad the transverse
process passe.

Sixth cervical vertebra is characterized for the
anterior tubercle of the transverse process which
is more developed and prominent (Chassaignac
tubercle): landmark for the common carotid (lig-
ature), for the inferior tiroid artery and for the
vertebral artery (Figs. 1.1, 1.2, and 1.3).

Cervical Spine Joints

Joints between vertebrae are made for making
spine mobile.

Vertebrae which make up the different part of
the spine have joints that allow to the different
parts of spine different movements.

Two sections of cervical spine, “superior cer-
vical spine”, which includes occipital bone, atlas
and axis and the “inferior cervical spine” which
extendes from the inferior edge of the axis to the
superior edge of the first thoracic vertebra, have
different joints that functionally complete each
others allowing movements like rotation, inclina-
tion, flexion, extension of the head.

The occipito-atlas joints realize flexion-
extension movements on sagittal plane and
inclination on frontal plane. They involve occipi-
tal bone condyles and the concave articular facets
located on lateral masses of the atlas. These joints,
defined condylartrosis, have two axis of move-
ment and two grades of freedom. This joint is
made of two bones and a fibrous capsule, covered
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Figs.1.1,1.2,and 1.3 Sixth cervical vertebra is charac-
terized for the anterior tubercle of the transverse process
which is more developed and prominent (Chassaignac

by a synovial membrane, which insert in the
boundary of the occipital condyles and on the bor-
der of the superior articular facet of the atlas. The
articular capsule medially is thin and lateral is
thicker and it is enforced by the anterior atlas-
occipital membrane which extends from the pos-
terior edge of the foramen magnum to the superior
edge of the posterior arch of the atlas.

The anterior atlas-occipital membrane has a
fibrous band where origins the anterior longitudi-
nal ligament and the posterior occipital mem-
brane is crossed by the first cervical nerve and by
the vertebral artery.

Between the occipital condyle and the atlas
the first pair of spinal nerves emerge and they
will form the cervical plexus.

This joint alone realizes almost the 50 % of
the flexion and extension of the head involving
for the rest the whole cervical section.

The atlas-axis joint is a diartrosis with no inter
vertebral disk between C1 and C2. It’s formed by
the atlas, axis lateral joints atlas-axis medial joint
and atlas-odontoid.

The lateral atlas-axis joint is a diartrosis of
artrodia type and it’s made by the inferior articu-
lar facets of the lateral masses which are slightly
concave and by the superior articolar facets of the

tubercle): landmark for the common carotid (ligature), for
the inferior tiroid artery and for the vertebral artery

axis which are slightly convesse. The articular
capsule is inserted on the lateral edges of the
articular cartilagines and it’s enforced anteriorly
by the anterior longitudinal ligament and posteri-
orly by the yellow ligaments and postero medi-
ally by the accessorius ligament which arises
from the posterior section of the body of the axis
and insert on the posterior face of the lateral
masses of the atlas.

The medial atal-axis joint is a pivot joint
between the posterior facet of the anterior arch of
the atlas covered by articular cartilage ad the
articular facet of the odontoid covered also by
articular cartilage.

The joint is stabilized posteriorly by a fibrous
lamina, the “transverse ligament” which sur-
rounds the tooth.

And extendes between the two lateral masses
of the atlas realizing in this way a osteo-fibrous
ring made anteriorly by the anterior arch of the
atlas and posteriorly by the transverse ligament.

From the medial section of the ligament start
some fibers that go up to insert on the basilar
part of the occipital bone, superior longitudinal
ligament, and down on the posterior face of the
axis, inferior longitudinal ligament (Fig. 1.4)
[9, 10]



Fig. 1.4 From the medial section of the ligament start
some fibers that go up to insert on the basilar part of the
occipital bone, superior longitudinal ligament, and down
on the posterior face of the axis, inferior longitudinal
ligament

The articulation of the “inferior cervical
spine” are artrodial joints and between the verte-
bral bodies intervertebral disks are present.

This section is specialized in flexion -exten-
sion movements and lateral flexion: lateral flex-
ion is made by ¢3-c5 joint while flexion-extension
by the C4-C6.

In the inferior cervical spine the joints have
common features to the whole spine except
sacrum. There are inter-somatic junctions
between vertebral bodies esured by the presence
of the intervertebral disk and the zigoapofisary
joints between the superior articular processes of
a vertebra and the inferior articular processes of
the lower vertebra. The intersomatic joints are
sinartrosis of sinfisys type which are made
between the surface of the body of a vertebra and
the inferior one of the body of the upper vertebra
covered by ialine cartilage.

The shape of the disks is like the one of the
vertebral bodies whose is in between and contrib-
ute on the flexion-extension movement and lat-
eral flexion of this section and to form the cervical
lordosis so the diskes are thicker anteriorly. Discs
and vertebral bodies are united and stabilized by
the anterior and posterior longitudinal ligaments.

The anterior longitudinal ligament is a fibrous
tape which arises from the occipital bone and
from th body of the axis and running in the inside
of the vertebral channel, it inserts on the posterior
surface of the vertebral bodies.

M. D’Arienzo et al.

The intervertebral disk is made by a central
part called nucleus polposus and by a peripheral
part called annulus fibrous. Nucleus polposus is
made by a deformable and incompressible gel
made by mucopolysaccharides and water.
Hydrophilic properties of proteoglycans depend
on quantity and quality of mucopolysaccharides.

Idrophily of nucleus polposus determines ver-
tebral resistance to mechanical loading whilst
fibro-cartilaginous ring which it’s made by anular
fibres, allows flexion movements.

These structural features of disk are very impor-
tant especially following spinal trauma because her-
niae of nucleus polposus into the specus vertebralis
may happen with compression of nerve roots.

Zigoapofisary joints are artrodiae that allow
movements of slipping between superior and
inferior vertebral processes of two close verte-
brae. Superior articular processes, covered by
ialine cartilage, run up and backward whilst infe-
rior one run down and forward and are covered
by a thin articular capsule that ends on the edge
of articular cartilage.

We distinguish:

Intrinsic Muscles of the Cervical Spine, in which
muscles have their attachment only on the
vertebrae:

— Interspinous muscles

— Intertrasversarii cervici muscles
— Multifidus muscle

— Short and long rotator muscles

— Semispinalis Capitis muscle

— Spinalis cervicis muscle

— Longissimus Cervicis muscle

— Longus cervicis muscle

— Inferior obliquus cervicis muscle

Extrinsic muscles, in which muscles have their
insertion both in cervical spine and in other skel-

etal segments:

— Spinalis capitis muscle

Semispinalis capitis muscle
Longissimus capitis muscle

Iliocostalis muscle

Rectus capitis major and minor muscles
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— Obliquus capitis superior muscle

— Rectus capitis anterior and lateral muscle
— Levator scapulae muscle

— Splenius capitis and cervicis muscles

— Serratus posterior superior muscle

— Rhomboideus minor muscle

— Trapezius muscle

Neck proprii muscles (excluding cervical spine):

— Suprahyoid muscles: digastric, stylohyoid,
mylohyoid and geniohyoid

— Infrahyoid muscles: omohyoid, sternoclei-
dohyoid, sternothyroid and sternohyoid
muscles

— Sternocleidomastoid muscle

— Platysma muscle

Muscles in the head and neck realize move-
ments of the head and the neck: flexion, exten-
sion, lateral deviation and rotation,

Different positions and features of insertion
make these muscles can arrange different move-
ments. Another job it’s maintain, with the tho-
racic muscles, the standing of the head and neck.

Vessel Architeture

Artery Network
The neck blood supply is ensured by external
carotid and by subclavian arteries [8].

Esternal carotid artery gives:

Occipital artery which surrounds the external
edge of the mastoid process sliding under sterno-
cleido-mastoideus muscle, longissimus capitis,
latissimus capitis, splenius muscle and semispi-
nalis muscle to end on occipital mucle; during
walk borders on hypogloxal nerve which passes
laterally and with accessorius nerve which stays
medially.

Superior thyroid artery

Subclavian artery gives: vertebral arteries are
originally located between scalenus anterior and
longus colli then goes back and goes in to fora-
men trasversarius of the sixth cervical vertebra,
then into transverse channel and arises from the
hole of transverse process of atlas making a

medially concave curve, then surrounds the lat-
eral mass making a second curve anteriorly con-
cave, then goes into the posterior occipito-atlas
membrane, dura madre, arachnoids and finally
crossing great occipital foramen reaches the cra-
nium. The second curve is located in a triangle
delimited from rectus capitis posterior and from
obliquus capitis superior and inferior. At its ori-
gin artery comes close with inferior thyroid
artery and with nerve and vessel of the neck
which crossed it anteriorly. It s also important
that the artery comes close to spinal nerves at the
beginning of intervertebral holes. In fact osteoar-
thritis of uncinate processes can compromise
normal functions of both artery and nerve.
During its course vertebral artery is divided in
vertebra-medullary artery and posterior menin-
geus artery. Thyroid cervical trunk: we talk
about one of its collateral branch: arteria cervi-
calis ascendent that come close with anterior
scalenum and frenic nerve; from this artery mus-
cular branches and vertebral-medullar branches
arise; artery ends by third cervical vertebra.
Costo-cervical trunk: we talk about one of its
collateral branch: i.e. arteria cervicalis profunda.
This artery goes between transverse process of
7th cervical vertebra and the neck of first rib to
end in deep muscles of nape. Transverse artery
of the neck is the outermost of the subclavia col-
laterals. It aries from the interscalenic portion
and contributes with its branches to supply mus-
cles of neck and nape ant supply the trunks of
brachial plexus as well (Fig. 1.6).

Venous Network

Vnous network of neck is made superficially by
anterior giugular veins system, posterior
giugular veins system and external giugular
veins system and deeply by venous trunks
tireolinguofacialis of internal giugular veins and
subclaviae veins.

Linfatic Network

Linfatic network is made up by a superficial
linfatic network that receives afferents from
superficial cervical lymph nodes and of a deep
system that receives afferents from deep cervical
lymph nodes.



Both superficial and deep system go to jugular
trunk that on the right side ends in the junction of
the internal jugular and subclavian veins, called
the venous angle. On the left side it joins the tho-
racic duct.

Innervation

Innervation of cervical spine is pertinence of cer-
vical plexus.

Cervical plexus is made up by the anasthomo-
sys of ventral branches of the first four cervical
nerves and by an anasthomotyc branch of fifth
one that form some arches: the atlantoid arch, the
axial and the cervical arches.

Plexus is located deeply and it’s close to trans-
verse process of cervical spine; it’s near to the
vessels and nerves in the neck laterally and to the
deep lymphatic nodes of latero-cervical chain
anteriorly, medially with glossopharingeus,
vagus, accessorius, hypoglossal and with supe-
rior and medium cervical ganglia.

From cervical plexus arise:

Superficial branches that made up the superfi-
cial plexus; we talk about small occipital nerve
that arises from C2-C3 and innerves the skin of
the lateral portion of the occipital region.

Deep muscular branches that make up deep
cervical plexus. We talk about discendent cervi-
cal nerve (C1-C2-C3) which is very close with
the discendent branch of and f hypoglossal frenic
nerve which is very close to the scalenus nerve.
This is the place to find the frenic nerve to per-
form surgery.

Nerves of nape are represented by posterior
branches of eight cervical nerves.

The first cervical branch, called suboccipital
nerve is only a motor nerve. This nerve divides
itself from the spinal trunk by the atlas reef for
vertebral artery, then goes into the occiput tri-
angle delimited by posterior magnus rectus
capitis and obliquus superior and inferior
capitis.

It also contributes to form cervical plexus with
an anasthomotic branch which sends to C2: in the
triangle this nerve is close to with one of verte-
bral artery branches.

M. D’Arienzo et al.

The second branch arises from the second
cervical trunk, posteriorly to the atlas-axis joint.
This nerve, once reached the inferior edge of
great obliquus muscle, divides in two branches,
one more lateral and thinner, the other one ticker
and more medial which distribute to muscles that
are close to them. The medial branch, going up,
ends in a gap between semispinal muscle and
trapezium muscle. After going over the nucal
line of insertion of the trapezium, become subcu-
ticular and by the name of great occipital nerve
(arnold’s) is exclusively sensitive and ends in the
skin of the occipital region, place that can hurt
(nevralgia).

The 3rd branch arises from the 3d cervical
trunk, right after it emerges from the coniugation
hole, contributing with its branches to the inner-
vations of nucal muscles.

The branches from 4th to 8th thinner than the
others arise from the trunk by the exit from the
coniugation hole. Then give a lateral motor
branch and a medial mixed.

The medial branch of the 4th, after giving
muscolar branches, goes up, goes into the sple-
nium muscle and trapezium and as 3rd occipital
nerve exclusively sensitive ends to the skin of the
nape.

Nerve branches coming from the brachial
plexus contribute also to innervate this region.
The brachial plexus is made up by the last four
cervical nerves, one anhastomotic branch of the
4th cervical nerve and an anastomotic nerve of
the first thoracic nerve.

An important contribution to the innervations
of the neck is given by some cranial nerves: by
hypoglossal nerve which forms an anastomosys
with the discontent cervical nerve. From this
anastomosys branches for subdeltoidei muscles
and accessories nerve arise.

This nerve during its walk seems to be in
touch with the early cervical nerves, expecially
with the first one.

This nerve, after arising from the jugular hole
divides in an inner branch, which is in touch with
the vagus nerve, and in an external branch that
walking in oblique direction go down laterally
backward. After it reaches the posterior face of
the sternocleidomastoideus muscle it innerves
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this one and continuing its walk in the upper cla-
vicular region reaches the anterior edge of the
trapezium where it ends.

Topographic Organization

Structural components of the neck are covered by
a system of fasciae: the medial and deep superfi-
cial cervical fascia. These fasciae, being in touch
with the structures they meet during their walk,
contribute to form connectival spaces of the neck
in which they receive the faringo-laringo.tracheal
channel and the vascular space with nerve and
vessels of the neck (carotid, internal jugular and
vagus).

Fasciae of neck as they are disposed on differ-
ent planes, allow to locate a succession of planes
with particular for any region of the neck
features.

In the antero- lateral region, beneath the cuta-
neous and subcuticular plane, two muscle fasciae
planes and one muscle-bone plane can be found.
The first one is made by the sternocleidomastoi-
deus muscle and over-ioideum muscles sur-
rounded by superficial fascia.

The second one is made up of omoioideum
muscle and interioideum muscles covered by
medial cervical fascia.

Muscle-bony plane is made up of prevertebral
muscles: longus colli, rectus capitis anterior and
rectus capitis lateralis and of scalene muscles
covered by deep cervical fascia.

In posterior region of the nape, under skin and
subcutaneus plane, four muscle-fascial planes
and an osteo-fibrous plane can be found: the first
one is made up by trapezium muscle covered by
superficial cervical fascia, the second one is made
up by spleni and levetor scapulae muscles and by
superior fascia of rhomboid muscle and posterior
dentatus; the third one is made up by three mus-
cles which are orientated in longitudinal direc-
tion: longus colli in lateral position, longus
capitis in intermedial position and semispinalis
capitis muscle located medially. The fourth plane
is made up by rectus posteriori and rectus oblique
of the head and by cervical spine intrinseci mus-
cles and finally the 5th plane is made up by the

flake of the occipital bone and by the cervical
spine with its junctions. This plane is in connec-
tion with the cervical part of the orthosympa-
thetic system laterally near to the deep cervical
fascia made by the sympathetic branches of
cervical superior, medium and inferior ganglia.
The cervical superior ganglius corresponds to the
second cervical vertebra; the medium ganglius,
which can be missing sometimes, corresponds to
the 5th and 6th cervical vertebra, the inferior cer-
vical ganglius, called star-shaped, corresponds to
the 7th cervical vertebra and to the first thoracic
vertebra.

From all these ganglia nerves which made vis-
ceral plexa of the neck arise:

The cervical superior ganglius correspone to
the transverse processes of the second and third
cervical vertebra, laterally to the faringe, anteri-
orly to the longus capitis muscle and posteriorly
to the vessels and nerves of the neck.

The medium cervical ganglius and the star-
shaped ganglius contribute to the built of the ansa
of Vieussens around the subclavia (Figs. 1.4 and
1.5).

Vertebral channel

Across the osteo-fibrous plane the neural
space that contain the spinal cord and its cover
membrane can be reached.

One of the ways to access the vertebral chan-
nel is the laminectomy. Across this the neural
space delimitated by osteofibrous walls can be
reached.

From the inside to the outside we can see:

The epidural space which is closed cranially
from the fusion of the dura madre with the peri-
ostium which surrounds the occipital hole, and
caudally from the sacral-coccygeal ligaments
that close the sacral iatus.

In the epidural space the roots of the spinal
nerves with vessels and epidural nerves run. The
epidural adipose tissue spreads around the dural
sac and accumulates on lateral and posterior parts
where the epidural space is wider.

Dura mater is a very strong fibrous membrane
that extends like a cilindric sac from the occipital
hole to the second sacral vertebra where it ends in
the dural cone which continues in the filum ter-
minalis that inserts on the coccyx.



Fig. 1.5 From the skin,
progression of the anatomical
structures around cervical
spine

Arachnoid is a thin membrane that it’s mod-
eled on the inner face of the dural sac and it’s
separate from that by a tiny virtual space (subdu-
ral space). Arachnoid delimitates on the inside
the subarachnoid space which is the space
between the aracnoid and the pia mater and it’s
extendend for all the length of the spinal cord.

Sub aracnoide space is filled with an amount of
fibrous filaments where vessels run each others.
This space contains cerebrospinal fluid and it’s
crossed by the roots of the spinal nerves which are
separate from the denticolar ligaments.

Pia mater is a very thin fibrous membrane that
covers the spinal cord: from there the denticular
ligaments and the anterior and posterior septa
arise. Pia mater is close with the epinervium of
the spinal nerves and it’s rich of blood vessels,
linfatic vessels and sentitive nerve terminations
which also arises from sensitive corpuscles.

The spinal cord is divided in neuromeres that
correspond to the origin of a couple of spinal nerves
roots that made the spinal nerve which is covered
by dura mater, run into the intervertebral hole.

Spinal cord peripherally is made up by fascia
of mielinic nerve fibers which are organized in
anterior, lateral and posterior cords that are
delimitated by the median, anterior and posterior
split and by the lateral, anterior and posterior
grooves.

M. D’Arienzo et al.

Fig.1.6 Transverse artery of the neck is the outermost of
the subclavia collaterals. It aries from the interscalenic
portion and contributes with its branches to supply mus-
cles of neck and nape ant supply the trunks of brachial
plexus as well

Centrally the spinal cord presents the neural
component organized in two symmetric lateral
masses that are linked centrally by the grey com-
missure which is crossed by the central channel
or ependymal channel.

Two lateral masses present an anterior terri-
tory that contains motor neurons and a posterior
nerve that contain sensitive nerves.
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Figs. 1.7 and 1.8 Brachial plexus, subclavia artery and dorsal scapular arteries

In the thoracic-lumbar section there is a lateral
protrusion that contains neurons of the simpha-
tethic system.

Cervical cord in C4-T1 presents a conic bump
flat in anterior-posterior direction in which is
located the brachial plexus. In this place the ante-
rior corn is larger than the other on top and the
posterior horn is thinner that the one on top of it
(Figs. 1.3 and 1.4) [9, 10].

Dissection Anatomy

When you make a dissection or perform surgery
on the muscle-fascial planes of the neck, you
must pay attention, when skin and underlying
plane are prepared, to the third occipital nerve, to
the great occipital and to the occipital artery that
appear on the top of the trapezium muscle: when
you arrive on the second and the third plane in the
space between the trapezium and splenium you
must be careful to the small occipital nerve which
it’s located laterally to the splenium muscle and
to the third occipital nerve which it’s located lat-
erally to the nucal ligament. In this space the
great occipital nerve and the occipital artery can
easily seen between the splenium capitis muscle
and semispinalis capitis.

When the underlining plane is prepared atten-
tion must be payed to the vertebral artery, the sub-
occipital nerve and the dorsal root of the second

cervical nerve with its ganglium, another space that
must be attentioned is that one located between the
trapezium and the elevator of the scapula where the
vascular pedicle and the accessories nerve run.

Finally, when scalenic muscles are prepared
attention must be payd to the trunks of brachial
plexus, subclavia artery and dorsal scapular arter-
ies (Figs. 1.6, 1.7 and 1.8).
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Introduction

The head-neck system consists of seven cervical
vertebrae and has a unique anatomy and motion
to accommodate the needs of a highly mobile
head-torso transitory zone. From a kinemati-
cal point of view, this system is very complex.
Normally, the spine mainly functions as a cou-
pled unit, and neck kinematics can be analyzed
by studying head movement relative to the upper
body. Cervical motion in every plane is checked
by anatomic restraints that protect the spinal cord
and accompanying vascular structures. The head
can be regarded as a platform that houses the sen-
sory apparatus for hearing, vision, smell, taste:
the cervical spine constitutes a device that support
this sensory platform, moving and orientating it
in the three-dimensional space. Any disturbance
of anatomy and mechanical properties can lead to
clinical symptoms. Also age-related changes can
modified cervical anatomy and alignment, drasti-
cally reducing range of motion [1, 2].
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Basic Concepts

To analyze, understand and correct the various
malfunction of the spine, it is essential recog-
nize his normal function. While physical prin-
ciples and laws rule the entire spine, kinematics
can studied the normal range of motion (ROM)
of each segment in the three-dimensional space,
without the influence of other internal or exter-
nal forces. Normally, this range is expressed
by translation and rotation in three planes. Too
much motion should be considered as structural
damage of the spine, while too little motion
may accompany stiffness and pain. Motion seg-
ment is the “Functional Spine Unit” or FSU
that consists of two adiacent vertebrae and the
interconnecting soft tissue, devoid of muscu-
lature. Forces applied to the spine can always
be separated into component vectors: infact, a
vector defines the force oriented in a fixed and
well-defined direction in three-dimensional
space. If a force vector acts on a lever, known
as “moment arm”, a bending moment is gener-
ated. This bending moment applied to a point
in the space causes rotation about an axis: this
axis is defined “instantaneous axis of rotation”
or TAR. Using the standard Cartesian coordi-
nate system for the spine (x, y, z), 12 potential
movements about the IAR can be considered: 2
translational and 2 rotational along or around
each axes. When a cervical segment moves,
there is an [AR passing through or close to
the vertebral body (see below). In other terms,
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6° of freedom exist about each IAR, i.e. each
FSU has 6° of freedom. When an FSU is loaded,
the motion behavior is affected by the choice of
the point at which the load or torque is applied.
Balance point is achieved when an axial load
creates nearly pure compression and the out
of plane is minimized. Any loading out of this
point causes a moment and induces bending.
More specifically, if an axial load is applied at
the point of the IAR, the result is an equal (in
magnitude) but opposite (in direction) reaction
force (Newton third’s law) that may symmetri-
cally deform the vertebral body. Instead, if the
load is applied in a plane at some distance from
the IAR, bending moment is generated by an
interaction of forces and asymmetric defor-
mation of the vertebral body can occur in any
plane. This phenomenon introduces the concept
of “couple”, a pair of forces, equal and oppo-
site, having a lines of action that are parallel
but that do not coincide. If the resultant is zero,
no translational movement occurs and the FSU
is in equilibrium. Rotation can occurs if the
couple is unopposed. As stressed by Benzel [3],
couple is different from “coupling”. This term

/Left Bending

Y
Neutral
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indicates the phenomenon whereby a move-
ment of the spine obligates a separate motion
about another axis. In the lower cervical spine
is typical that the lateral bending results in axial
rotation of the spinous processes away from the
concave side of the direction of the bend. This
is due to the orientation of the facets and the
presence of the uncovertebral joints (Fig. 2.1).

The IAR can be considered similar to the COR
(centre of rotation), first described by Penning [4]
and more recently applied by Smith [5]. This
method describes the motion behavior of the ver-
tebral body respect to the adjacent one, defining
the axis and the point about which vertebrae
rotate. AR or COR should be considered
dynamic because nearly any motion of the FSU is
a coupled motion. As spinal movement occurs,
infact, the point about which adjacent vertebrae
rotate varies during the motion. An extension of
the COR approach provides an helical axis of
motion (HAM) that defines a three-dimensional
movement when rotation is superimposed on
translation. The resultant component of motion is
described by the translational movement vector
called HAM.

s

Right Ben%~

Fig.2.1 Coupling phenomenon i.e. axial rotation of the spinous processes away from the concave side of the direction
of the lateral bending. Arrows just above the head show the lateral bending on the left and right, while the ring arrow
and black arrows suggest contralateral rotation of the spinous processes of the lower cervical spine (From White and

Panjabi Ref. [37], with permission)
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Summary of Biomechanical Terms

Translation Motion of a rigid body in which
each straight line through any pair of its points
remains parallel to itself

Rotation Motion of a rigid body in which
each straight line does not remain parallel but
develops an angle of rotation between initial
position (A1-B1) and final position (A2-B2)
(Fig. 2.2).

Centre of Rotation or instantaneous axis of
rotation (IAR) Itis a fixed point obtained by the
intersection of the line perpendicular to the
motion plane and the translational vector (e.g.
A1-A2 see Fig. 2.2)

Degrees of freedom They define the position of
an object in the space by a number of indepen-
dent coordinates organized in a coordinate sys-
tem (i.e. Cartesian system)

Range of motion (ROM) Extent of physiolog-
ical movement, measured from a neutral posi-
tion of the spine, when the internal stresses and
the musculature effort to hold the posture are

Fig. 2.2 Vertebral motion, defined by translation vectors
A1-A2 and B1-B2, is a rotation about the instantaneous
axis (IAR). IAR is obtained by the intersection of the lines
perpendicular to the motion plane and the translational
vectors (From Panjabi et al. [1], with permission)

minimal. Physiological ROM can be divided
into two parts: neutral zone and elastic zone

Neutral zone (NZ) First part of ROM within
which displacement of a biological tissue is pro-
duced against minimal internal resistance. The
NZ is defined by flexibility of the tissue.

Elastic zone (EZ) That part of ROM, measured
from the end of the NZ up to the elastic limit, in
which displacement is produced against internal
resistance. The EZ represents the stiffness of the
biological tissue

Plastic zone (PZ) It is the zone of trauma and
failure of the biological tissue. When the elastic
limit is reached, permanent deformation/dis-
placement can occur. The tissue will fail if further
forces are applied

Force Any action that tends to change the state
of rest or motion of a body to which it is applied.
Force is a vector quantity that has magnitude and
direction. The unit of measure for the magnitude
of force is newtons (N).

Work and Energy Work is the product of
force time distance and energy is the work
done. The unit of measure is newton-meter
(N-m) or joule (J)

Stress It is the force applied to an object
(load)

Strain It is the response of the object to the
stress (deformation)

Viscoelasticity It is the time-dependent prop-
erty of a such material to rate of loading or defor-
mation. Bones, ligaments, tendons, passive
muscles demonstrate viscoelastic behavior.
Because of this, their stress-strain curves are
dependent on the rate of loading

Elastic modulus (Young’s modulus) It is the
ratio between stress and strain, representing the
elastic properties of a body that is stretched or
compressed
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Coupling It is the phenomenon whereby a
movement of the spine on a plane obligates a
separate motion about another axis (see Fig. 2.1)

Functions of the Cervical Spine

The craniovertebral junction (CO—C1), the upper
(C1-C2) and the lower cervical spine (C3-C7)
have distinct anatomic and kinematic features
and must be described separately. Fundamental
to understanding the behavior of the cervical
spine is an appreciation of how each segment
contributes to the total function in relation to its
specific characteristics. For descriptive purposes,
the cervical spine can be divided in five units,
each with unique morphology that determines its
kinematics and its percentage of contribution to
the entire function. In anatomical terms, the units
are: the occipito-cervical junction (CO-C1), the
atlas (C1), the axis (C2), C2—C3 junction, C3—C7
levels. Main anatomical characteristics of the
upper compared to the lower cervical spine
include the absence of the intervertebral disc, the
absence of the ligamentum flavum, and the dis-
tinct shape between C1 and C2.

Occipitoatlantoaxial Complex
(C0-C2)

Biomechanically Relevant Anatomy

The foramen magnum (FM) is located in the
occipital bone, which has three parts: — the squa-
mosal portion in the dorsal aspect; — the clival
portion located anteriorly; the condylar part, con-
necting these two portions, that includes the
occipital condyle, posterior margin of the jugular
foramen and the hypoglossal canal. Occypital
condyle receives the CI1 lateral mass. The most
posterior margin of the foramen magnum is
called “opisthion”, while the “basion” represents
its most anterior midline. C1 differs from the
other cervical vertebra by being a ring shape and
lacks a vertebral body and a spinous process. It
has two thick lateral masses which are situated at
the anterolateral part of the ring. C2 has many
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attributes of the more caudal cervical vertebrae,
but its transitional nature dictates a complicated
anatomy configuration. Odontoid process repre-
sents its rostral extension: this fundamental struc-
ture originates by the developmental fusion
process between the caudal part of the C1 somite
and the cranial part of the C2 somite. The odon-
toid process begins to fuse with the body of C2 at
4 years of age and at 7 years of age the fusion is
completed. In about one-third of adults, a rem-
nant of cartilaginous tissue will be present
between the odointoid and the C2 vertebral body.
The pars interarticularis projects from the lamina
in a rostral and ventral direction to attach to the
lateral masses. C1 allows the odontoid process of
C2 between its lateral masses. In other terms,
odontoid occupies the usual position of the verte-
bral body [6]. Odontoid articulates with the dor-
sal aspect of the ventral portion of the C1 arch by
an anterior oval facet and posteriorly with the
transverse ligament that is attaches to the tuber-
cles on the medial aspect of the C1 ring. The lat-
eral masses of Cl articulate with the occipital
condyles and C2 by kidney-shaped articulations,
while C2 is directly connected to the occiput by
the alar and apical ligaments and the tectorial
membrane. In a sense, C1 functions as an inter-
mediate “fulcrum” that regulates movement
between the occiput and C2 [7]. The special
arrangements of the occipitoatlantoaxial liga-
ments are remarkable to allow for complex
motion, yet provide stability to this area. Infact,
the capsules of the C1-C2 lateral facets surround
the articular surfaces and are reinforced by liga-
ments and lateral fibers that pass in a rostral
direction from the tectorial membrane [8]. There
are ligaments between the C1 anterior arch and
the odontoid and behind it: the cruciate ligament
that has a vertical component from the rim of the
FM to the midportion of the C2 vertebral body;
the apical ligament from the rim of the FM to the
tip of the odointoid process; the alar ligaments
from the lateral anterior rim of the FM to the dor-
sal aspect of the odontoid. The cruciate ligament
is considered one of the most important ligament
of the human body and its rupture, identified by
high resolution MRI, can lead to craniocervical
instability. As stated by Quercioli [9], pioneer of
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occipito-atlanto-axial biomechanics, the integrity
of the transverse and occipitoaxial ligaments is
the essential condition for maintaining a stable
odontoid process in the axis.

Normal Kinematics

The occipitoatlantoaxial complex is the most
mobile of the axial skeleton [10]. This functions
as a single unit, considering C1 as a cradle for the
occiput and C2 as a washer between the skull and
the cervical spine. This complex is responsible
for 40 % of total cervical flexion-extension and
60 % of total cervical rotation.

C0-C1 Joint

The atlanto-occipital joint allows flexion-
extension and minimal degrees of lateral flexion
and rotation, while the atlanto-axial joint works
in coupled, rotation plus minimal lateral bending
(Table. 2.1). C1 flexion-extension (e.g. nodding
movements) are possible because the C1 superior
articular surfaces are concave whereas the occipi-
tal condyle are convex. Flexion is achieved by the
condyles rolling forwards and sliding backwards
across the anterior walls of the notches. A con-
verse combination of movements occurs in exten-
sion. Axial forces apply by the mass of the head
and the muscles prevent upward displacement,
maintaining the condyles nestled on the floor of
their cavities. The total normal range of flexion-
extension at the atlanto-occipital joint has been
described as having a mean value between 14 and
35°, arange from O to 25° or a mean value of 14°

Table 2.1 Movements allowed in the craniocervical
region, according to Benzel [3]

ROM

Joint Motion (degrees)
C0-Cl1 Flexion/extension 25

Lateral bending (unilateral) 5

Acxial rotation (unilateral) 5
Cl1-C2 Flexion-extension 25

Lateral bending (unilateral) 5

Axial rotation (unilateral) 40

with a standard deviation of 15° [3, 11, 12].
During these movements, a minimal anterior or
posterior translation was observed [13].
Moreover, other restraints to flexion are fixed by
the impaction against the skull base, tension of
the posterior muscles and capsules and contact of
the submandibular tissues against the throat.
Extension is limited by compression of the sub-
occipital muscles against the occiput. Rotation
and lateral flexion of atlanto-occipital joint are
extremely limited, approximately 5°, due to the
depth of the atlantal notches in which the occipi-
tal condyles rest. In biomechanical terms, during
axial rotation to one side, the contralateral occipi-
tal condyle contacts the anterior wall of its atlan-
tal notch, while ipsilateral condyle impacts the
corresponding atlantal posterior wall. Therefore,
joint stability stems largely from the depth of the
C1 notches: their side walls prevent lateral trans-
lation, the front and back walls prevent anterior
and posterior dislocation.

The TAR for the CO-C1 articulation has not
been defined, although x-axis is considered to
pass through the mastoids and the z-axis to be
2-3 mm above the tip of the odontoid process [14]

C1-C2 Joint

The atlanto-axial complex is composed by two
lateral facet joints, the unique atlantodental artic-
ulation and the joint between the posterior sur-
face of the odontoid and the transverse ligament.
Stability at this highly mobile articulation is pri-
marily dependent on ligamentous structures,
because the lateral joint capsules, in contrast to
that of the atlantooccipital joint, are loose. Its
foremost rule is to bear the axial load of the head
and atlas and to transmit this load into the
remainder of the cervical spine. For this function,
C2 laterally presents wide superior articular fac-
ets that support the lateral masses of C1 and form
the lateral atlanto-axial joints. The centrally-
placed odontoid process acts as the “pivot” and
forms the atlanto-axial median joint. In order to
achieve axial rotation, the anterior arch of the
atlas spins and glides around the pivot. Therefore,
this movement is anteriorly restrained by the



Fig.2.3 C1-C2 axial rotation. (a) (axial view): the anterior
arch of C1 glides around the odontoid process (arrows); (b)
(sagittal view): the lateral mass of C1 subluxates (arrow)

median atlanto-axial joint and inferiorly by the
lateral atlanto-axial joints, that also subluxate. In
particular, the ipsilateral lateral mass of C1 slides
backwards and medially, while the contralateral
lateral mass slides forwards and medially
(Fig. 2.3). During axial rotation, the lateral
atlanto-axial joints glide across their osseous flat
surfaces. But the articular cartilages both of the
atlantial and the axial facets are convex in the
sagittal plane, rendering the joint biconvex in
structure. In addition to these anatomical fea-
tures, the spaces formed anteriorly and posteri-
orly by the detachment of the articular surfaces,
are filled by large intra-articular meniscoids:
these serve to keep a film of synovial fluid on
articular surfaces. In the neutral position, the
summit of the atlantial convexity rests on the con-
vexity of the axial facet, i.e. the apex of the C1
inferior facets is balanced on the apex of the C2
superior facets. As the C1 rotates, the ipsilateral
atlantial facet slides down the posterior slope of
the respective axial facet, while the contralateral
one slides down the anterior slope of axial facet.
Upon reversing the rotation, C1 rises back onto
the summit of the facets. In conclusion, C1 axial
rotation requires anterior displacement of one lat-
eral mass and a reciprocal posterior displacement
of the opposite lateral mass. If the articular carti-
lages are asymmetrical, a small amplitude of lat-
eral bending may accompany axial rotation: the
side of coupling depends on the bias of asymme-
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forwards across the superior articular process of C2 (From
Bogduk and Mercer [13], with permission)

try [15], but however this movement is consid-
ered negligible [16]'. Principal structures that
restrain axial rotation are the alar ligaments and
the joint capsules: at the limits of rotation, the
lateral atlanto-axial joints are almost subluxated.
The normal ranges of rotation of C1 on C2 are
varied (see Table 2.1): 32° e 56.7 in cadaveric
studies [17a, 18], over 75° using x-ray [19] and
43° using CT [17b] in healthy adults. Recently,
some authors [20], measuring in vivo by MRI
normal kinematics of the upper cervical spine in
neutral position and during Dvorak’s flexio-
rotation test, reported respectively 77.6° and 65°
of C1-C2 segmental rotation. Sagittal plane
motion (flexion-extension) in C1-C2 has been
reported by several authors to be on average of
11° and may be facilitated by the rounded tip of
the odontoid process [21-23]. More recently, this
value has been confirmed by a descriptive study
based on computer-aided measurements from lat-
eral flexion-extension radiographs [24]. The

! Although not a physiological movement, lateral bending
at the C1-C2 joint is assessed by some manipulative pro-
ceedings. While C2 superior articular facets slope inferi-
orly and laterally, C1 lateral translation must be
accompanied by ipsilateral side bending. Minimal lateral
translation can occur during lateral flexion of the entire
cervical spine. Restraints to this motion are the contralat-
eral alar ligament and the impaction of the contralateral
lateral mass onto the lateral aspect of the odontoid
process.
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biconvex nature of the atlanto-axial articulation
means that cervical spine flexion and extension
often create motion in the direction opposite that
being experienced in the atlas [25]. In other
terms, when the entire cervical spine is flexing,
C1 extends and when the cervical spine extends,
C1 flexes. This paradoxical coupling motion is
possible because C1 is sandwiched between the
head and C2, undergoing a passive movement.
Infact, in neutral condition, C1 is balanced pre-
cariously on the convexities of its articular carti-
lages, but when an axial compression load is
applied, C1 starts to move. If the line of compres-
sion is anterior to the balance point, C1 moves
into flexion. On the contrary, when the line is
posterior, C1 will extend. This paradox is gov-
erned essentially by the muscles acting on the
head and it can be observed even if the rest of the
cervical spine is flexed. The restraint to C1 flex-
ion/extension have never been formally estab-
lished. No ligaments are disposed to limit this
motion: essentially C1 is free to flex or extend
until the posterior arch hits the occiput or the
neural arch of C2, respectively. C1 backward
sliding is limited by the impaction of its anterior
arch against the odontoid process, while forward
slipping is prevented by the transverse and the
alar ligaments. Subluxation or dislocation implies
destruction of both ligaments. Up to 3 mm of
anterior translation of C1 on C2, as measured by
anterior atlantodental interval (AADI), is consid-
ered normal. As the AADI increases to 5 mm or
greater, the transverse and accessory ligaments
are disrupted. When the transverse ligament is
damaged, also rotary dislocation can occur at 45°
of rotation, rather than 65° in normal condition.

The IAR for the C1-C2 sagittal plane motion
is located in the region of the middle third of the
odontoid. During axial rotation, it is located in
the centre of the odontoid.

C2-C3 Junction or Vertebroaxial
Joint [26]

Although the C2—C3 junction is often considered
together with the rest of the lower cervical spine,
this joint offers some peculiar differences in mor-

Fig.2.4 Pillar view of the upper cervical spine, showing
the unique morphology of C2 and architecture of the C2—
C3 joints (see text). All arrows indicate the orientation of
the interarticular space for each level (From Bogduk and
Mercer [13], with permission)

phology. A pillar view of the region® reveals that
the body of the axis looks like a deep “root” into
the typical cervical spine (Fig. 2.4), securing the
upper cervical spine in the remaining cervical
column. Moreover, in such view, the unique ori-
entation of the C2—-C3 zygoaphophysial joints is
seen: they are inclined medially, by about 40°
[26], and downward [27], while they are typically
transversal at lower levels. The processes of both
sides form a notch, cradling the inferior articular
processes of the axis. This architecture implies
that C2—-C3 joints operate in a different manner
from that of lower cervical segments, neverthe-
less further differences are open to discovery.
The main kinematic expression occurs during
axial rotation plus lateral bending. According to
Mimura et al [19], C2—C3 axial rotation is similar
to that of the lower segments, with mean value of
7° compared to 5, whereas lateral flexion is sig-

>The “pillar view” is a cervical postero-anterior radio-
graphic projection achieved by directing the beams
upwards and forwards essentially along the planes of the
lower zigoapophysial joints.
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Fig. 2.5 Axial compression
force is applied during lateral a
bending of the head (Vertical
black arrows); (a) (sagittal
view): the inferior articular
process of C2 slides
downward and backword
along the superior articular
process of C3 (Black oblique
arrow); (b) (coronal view):
C2 rotates towards the
direction of the side bending
due to the backward articular
displacement (ring arrow)

nificantly different, with mean value of —2° at
C2—-C3 compared to 6 at C3—C4 and C4-C5 lev-
els. In other terms, instead of tilting towards the
same side, C2—C3 joint rotates towards the direc-
tion of the side bending (Fig. 2.5). The IAR for
the C2—C3 sagittal motion is located lower than
in the other cervical levels due to the lower loca-
tion of the superior articular process of C3 (see
below Fig. 2.7).

Mid and Lower Cervical Spine
(C3-C7)

Biomechanically Relevant Anatomy
and Kinematics

The middle and lower cervical spine segments
have essential similar anatomic and functional fea-
tures and can be effectively represented by the
FSU: two vertebral bodies, the disc, the facet joints
with associated ligamentous and capsular struc-
tures. Each vertebra consists of 3 pillars that forms
3 parallel columns for the load-bearing functions
of the cervical spine . The anterior pillar is the ver-
tebral bodies, which are united by interposed discs
to form the anterior column. The two posterior
columns are formed by the articular pillars: the
superior and inferior facets are opposed to one
another and united by a joint capsules. Their spe-
cific orientations allow to bear the weight of the
segments above and prevent dislocation. The facet
joints are the principal restraints against forward

A. Ramieri et al.

translation. End-plates of the vertebral bodies, that
are stacked on one another, separated by the inter-
vertebral disc, are not flat as in the lumbar spine. In
the sagittal plane, they appear gently curved, tilt-
ing greatly downwards and forwards. The anterior
inferior border of each vertebral body forms a lip
that hangs, like an hook, towards the anterior supe-
rior edge of the vertebra below. As a result, the
plane of intervertebral disc is not perpendicular
but somewhat oblique and supports flexion-exten-
sion motion as cardinal movement of these typical
cervical segments. The body supplies the strength
and support for two-thirds of the vertebral com-
pression load. The upper surface is typically con-
cave from side to side and convex in the
antero-posterior direction. On its lower surface, it
is convex from side to side and concave in the
antero-posterior direction. Also, the upper projec-
tion on the lateral superior surface of the vertebra
below is called “the uncus”. These bilateral unci-
nate processes are related intimately with the con-
vex lateral inferior surfaces of the upper vertebral
body and form the uncovertebral joints or joints of
Luschka. The exact rule of these joints is not
known: they would seem to prevent posterior dis-
location and limit lateral bending.

The “saddle shape” structure thus described is
clearly visible in the sagittal plane, while, by a sec-
tion taken obliquely through the posterior end of
vertebral body along a plane parallel to the plane
of the facet joints, the concave superior surface
formed by the body and its uncinate processes that
receives the convex inferior surface can be
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Fig. 2.6 (a) axial section of a C6-C7 intervertebral joints
along a plane perpendicular to the facets (Arrow in center).
In this plane, during left C6 vertebral body rotation, the right
inferior articular process (iap) of C6 immediately impacts
into the superior articular (sap) process of C7, preventing
lateral rotation of C6 (little arrows on left); (b) axial section

assessed. The appearance is that of an ellipsoid
joint and suggests that rocking could occur side to
side between two adjacent vertebral bodies. But,
regarding a section achieved through the uncinate
region and facet joints along a plane perpendicular
to the latter, it is clear that any attempt of lateral
rotation is immediately prevented by the facets.
On the contrary, if sections are taken along a plane
parallel to that of the facet joints, rocking of the
vertebral bodies is not precluded because the fac-
ets glide freely upon one another (Fig. 2.6).
These observations indicate that the cervical
interbody joints are a saddle joints, meaning that
in the sagittal plane the vertebral body is free to
rock forwards and backwards around a transverse
axis, while in the plane of the facets its rotation
is allowed around a perpendicular axis and cra-
dled by the uncinate processes. Motion around
an oblique axis is precluded by the orientation
of the facets. Since their orientation is about 45°,
also the pure axial rotation is 45° in the plane
of the facet joints [27]. Horizontal axial rotation
is inexorably coupled with lateral flexion and
viceversa. If horizontal rotation is attempted,
the inferior articular process rises up the slope
of the superior facet of the vertebra below and,
as a result, a tilt to the side of rotation occurs.
A reciprocal combination of events happens
when lateral flexion is tested: the inferior process

iaf

of a C5-C6 intervertebral joints along a plane parallel to the
facets (Arrow in center). In this plane, if the C5 vertebral
body rotates, its iap is bilaterally free and can glide across
the surface of articular facets of C6 (little arrows on left and
right) (From Bogduk and Mercer [13], with permission)

Table 2.2 Mean values and ranges of axial rotation of
the typical cervical vertebrae, according to Penning and
Wilmink [28]

ROM (degrees)

Level Mean Range
C2-C3 3 0-10
C3-C4 6.5 3-10
C4-C5 6.8 1-12
C5-C6 6.9 2-12
Co-C7 2.1 2-10

slides backwards down the slope of the superior
process and the vertebra rotates to the side of lat-
eral flexion. By CT scanning, some authors [28]
tried to estimate the range of axial rotation of the
typical cervical vertebrae (Table 2.2). However,
this kind of study was conducted with the CT
scanning orientated across the conventional hor-
izontal plane, failing to disclose the pure axial
rotation. The axis of rotation in the plane of the
facet joints passes through the anterior end of
the moving vertebral body. During rotation, the
anterior edge pivots about the axis without glid-
ing, while the posterior margin is able to swing.
The structure of the intervertebral disc supports
this kinetics. The disc is the major compressive
component of the spine. At low load rates, the
disc deforms ad is more flexible, but at higher
load it becomes stiff. Degenerative changes
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affect its viscoelastic properties and ability to
tolerate mechanical stresses. The annulus is well
developed and thick anteriorly, but thinner in
the region of the uncinate processes. Its tensile
properties are related to the orientation of the
collagen fibers that converge upwards, towards
the anterior portion of the upper vertebral body.
This arrangement appears as an inteosseous liga-
ment, disposed like an inverted “V”’, whose apex
points to the axis of rotation so that the vertebra
can pivot about its anterior end. The annulus is
lacking posteriorly [29] and tapering towards the
uncinate processes, with few fibers and about
1 mm thick. It is covered by the posterior longi-
tudinal ligament (see below). In the absence of
the posterior annulus, with the progressive for-
mation of posterior transverse discal clefts, the
posterior end is free to swing. As it swing, its
posterior inferior border can glide up and down
the concavity of the uncinate processes, while its
inferior facets slip on the superior facets of the
vertebra below.

Axial rotation and side bending can be
regarded as secondary coupled movements at the
typical cervical segments. The primary motion
at the lower cervical spine is flexion and exten-
sion in the sagittal plane. Flexion is composed
by an anterior sagittal rotation and anterior trans-
lation to various extent. While, in the past, the
slope of the articular facets was postulated as
the major determinant of patterns of segmental
sagittal motion, more recently the height of the
superior articular processes has been shown as
the main factor. Infact, regardless of its slope,
the taller the superior articular process, the more
it impedes anterior translation for any degree
of anterior sagittal rotation. In other terms,
this height determines the extent of coupling
between sagittal rotation and translation [27].
Considering the TAR, it is located close to the
intervertebral disc space of the FSU at the lower
levels due to the greater height of the superior
articular processes. On the contrary, since the
articular processes are lower at the upper cer-
vical levels, the IAR lies below more than disc
of the segment in question (Fig. 2.7). The first
description of the centre of rotation in healthy
adults was derived from Penning’s measure-

A. Ramieri et al.

ke

Fig. 2.7 Instantaneous axes of rotation (IAR) during
maximal flexion-extension of the cervical spine (C3-C7).
Spots indicate the IAR for each level, whereas ovals sym-
bolize the standard deviation (SD)

ments [4], obtained by flexion-extension x-ray.
With the aid of CT scan, the average centre of
rotation for each level was determined [22].
Lysell [30] described the top angle or “arch of
motion” from C2 to C7, as being flat at C2 and
steep at the lower cervical spine. This means that
the motion of the upper segments during flex-
ion-extension is quite horizontal, whereas it is
like an arch at the lower segments. The greater
distance of the vertebra to the center of rotation
in the upper region produces more flat motion,
whereas smaller distance provides a sharper top
angle. Ultimately, from above downwards the
IARs are located progressively higher and closer
to the intervertebral disc of their FSU. A critical
determinant of this progression is the height of
the articular pillars. These are lower at C2—-C3
and progressively higher towards C6—-C7. The
height of the superior articular process at a given
level predicts how much sagittal rotation must
occur in the segment in relation to a specific and
physiological amount of translation. Tall pro-
cesses prevent an antero-posterior translation
higher than 2.7 mm. Abnormal location of the
IAR was proposed as a marker of poor quality
of cervical motion in presence of pain, headache
or previous trauma. The study by Amevo et al
[31] on 109 patients with post-traumatic neck
pain showed an abnormally located IAR in 77 %
of cases and this relationship axis location-pain
was highly significant statistically.

Generally, flexion is resisted in concert by the
posterior longitudinal ligament (PLL), the yellow
ligament, the capsules and the posterior ligamen-
tous complex, while extension is principally lim-
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ited by the anterior longitudinal ligament (ALL)
and the annulus and by impaction of the posterior
arches. This spinal architecture introduces the
importance of the soft tissues in motion and sta-
bility of the cervical spine.

Soft Tissues

Ligaments, discs, fibrous capsules of the ziga-
phophysial joints and muscles represent the soft
tissues of the cervical spine. These soft tissues
render the spine compliant in that they allow
for movement between vertebrae. They are also
responsible for limiting the range of many motion
under physiological loads. Ligaments of various
types connect the vertebral bodies and the pos-
terior elements and span one or more segments.
Ligaments consist of various amounts of colla-
gen and elastina, arranged in an uniaxial manner,
so they are able to resist tension forces. At each
segmental level, the anulus fibrosus of the inter-
vertebral disc binds the adjacent vertebral bod-
ies. Posteriorly, as see above, in the region of the
uncinate processes, the connection is interrupted
by transverse clefts of the anulus. The interver-
tebral discs consist of proteoglycan nucleous
designed to sustain compression loads, whereas
the collagen fibers of the anulus resist tension,
shear and torsion. The rule of the soft tissues in
the biomechanics of the human cervical spine
can be assesses using mathematical model (e.g.
finite element models), investigating the external
and internal responses of the spine under loads.
As clarified by Yoganandum et al [32] “external
responses can be defined as measurable param-
eters of the spinal structure under an externally
applied load” like moment-rotation curve pro-
duced by sagittal rotation under flexion-moment
loading. In contrast, “internal responses can be
defined as intrinsic parameters” like tensile stress
of the disc: “Because of the complex nature of
spinal architecture, internal responses are not
direct measurable quantities in an experiment”.

Howeyver, the biomechanical roles of the vari-
ous soft tissues are different and each type must
be discussed in terms of individual mechanical,
geometrical and material properties.

Ligaments and Joint Capsules

Ligaments are monoaxial structures that resist
tensile or distractive forces. The capsular liga-
ments are an important local stabilizer of the facet
joints. Generally, ligaments are more effective
when distracted along the direction of the fibers.
But, because of their variable and complex ori-
entation, some ligaments are be able to contrast
external tensile forces in a wide range of direc-
tions. The anterior longitudinal ligament is resis-
tant to an extension bending moment, whereas
interspinous and sovraspinous ligaments (poste-
rior complex) are more effective during flexion
forces. Posterior longitudinal ligament, which lie
close to the IAR, responde with less resistance
than anterior and interspinous ligaments. The
internal response of the ligaments secondary to
loading depends on the severity, magnitude and
application of load vector, but also on the indi-
vidual mechanical properties: for example, liga-
mentum flavum, which is rich of elastina, is more
elastic than the other. To quantify the geometry
of the different ligaments of the cervical spine
(origin and insertion=length; cross-sectional
area), various methods of investigation have been
adopted [32]. In summary, for length purposes,
the longitudinal ligaments span the mid-height
of adjacent vertebrae, ligamentum flavum and
interspinous ligaments span the superior and
inferior points of attachment of the two vertebrae
and joint capsules span from the superior tip of
the caudal facet to the inferior tip of the cepha-
lad facet. Maximum cross-sectional area occurs
midway between the two spinous processes for
interspinous ligaments, mid-disc height for the
two longitudinal ligaments and mid-capsule
height for joint capsules. The ligaments are
deformation sensitive: under axial tensile loading
(traumatic force), the load-deformation response
is achieved. The typical force-displacement and
stiffness displacement responses of a ligament is
shown by a non-linear curve which defines neu-
tral, elastic and plastic phases (Fig. 2.8). So, for
each ligament, an individual tensile force-defor-
mation, energy and stiffness are calculated [32].
These properties are influenced by age, sex and
loading rate [33]. Same biomechanical informa-
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Fig. 2.8 The nonlinear load-displacement curve of the
spine can be divided into physiological and traumatic
ranges. The first part is the neutral zone (NZ) in which the
displacement beyond the neutral position is achieved by
application of a small force. The second part is the elastic
zone (EZ) in which more load is required against an inter-
nal resistance. The last part, the plastic zone (PZ), is the
displacement beyond the EZ to failure (From Panjabi
et al. [1], with permission)

tions have been reported for stress, strain, stiff-
ness and energy of joint capsules.

Intervertebral Discs

Intervertebral discs, in contrast with the uniaxial
response of the ligaments, recognize multiple
load vectors. Under any external loading,
except tension, discs restrain essentially
compressive forces in association with other
components. Thus, the fundamental functional
mechanical role is to respond to some degree of
compressive loading, applied when the weight
of the head (approximately three times the
weight of the neck) is transmitted to the C2-T1
discs. Like ligaments, the internal response of
the disc depends on the magnitude and nature
of loading. The eccentrical anatomy of the
nucleous polposus contributes to the dissimilar
proportions of anterior and posterior anulus
internal load-sharing during bending moment,
as compression, flexion and tension. Three-
dimensional geometrical data of disc nucleous
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and anulus have been reported in relation to
height and cross-sectional area, but studies
are in progress to capture intervertebral discs
responses in tensile-compressive cycling
loading and develop finite element models
that may be applied in future [34]. Material
properties, such as force-displacement, stiffness
and stress-strain, must be achieved in more than
one mode because of the multi-modal behavior
of the disc, anulus and fibers. Using a single
FSU and applying a traumatic compression or
tension load, failure of the disc is identified
as the point on the load-deflection curve at
which an increase of compressive or distractive
displacement results in a decrease of the resistive
force. The force-displacement is non-linear and
the post-traumatic phase indicate discal damage
(see Fig. 2.8)

Muscles of Neck and Shoulders

The static and dynamic control of the head and
neck is managed by a complex arrangement of
about 20 muscles that enclose the cervical
spine. The muscles at the upper cervical spine
have individual unique structure, enabling lat-
eral bending in CO/C1 and side rotation in C1/
C2. Normally, the first 45° of rotation occurs in
C1/C2, and then the lower cervical spine
becomes involved. On the other hands, the mus-
cles in the lower cervical spine are linear or
interwoven, with every muscle activating sev-
eral segments. This causes the segments of the
lower spine to act as one unit. Anatomically, the
deeper muscles are related intimately with the
cervical osseous and articular elements, per-
forming stabilizing functions, whereas the
superficial muscles have no attachments to the
cervical vertebrae. The deep musculature has a
very high spindle density. The muscle spindles
mediates the proprioceptive inputs from the
cervical musculature and have an important
role in head-eye coordination and postural con-
trol. The musculature involved in head and
neck movement and stability is presented in
Table 2.3.
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Table 2.3 Musculature of the head-neck-shoulders sys-
tem, involved in motion and stability of the cervical spine,
according to Tortora and Grabowski [38]

Muscles of the neck, Mm. colli | Function
Sternocleidomastoideus Supports the head
Extension CO/C1

Side rotation
Lateral vertebral muscles Lateral bending
Scalenus anterior
Scalenus medius
Scalenus posterior

Anterior vertebral muscles Flexion, Lateral

bending, Side
rotation

Longus colli
Longus capitis
Extend, Rotate,
Flexion, Side
bending

Suboccipital muscles 1
Rectus capitis

Obliquus capitis

Muscles of the back, M. dorsi
Upper trapezius Elevates the scapula

Function together
with other muscles;
Seldom as a single
unit
Superficial erector spinae
muscles

Erect posture,

Tlicostalis cervicis Lateral bending

Longissimus cervicis Extension
Longissimus capitis

Spinalis cervicis

Spinalis capitis

Rotates the head

Rotation and lateral
bending

Superficial muscles
Splenius capitis

Splenius cervicis

Deep transverso-spinales
muscles

Supports the head

Extension of head
(C0/C1) and spine

Stabilize individual
segments

Semispinalis cervicis
Semispinalis capitis
Mm. Multifidi

Mm. rotares cervicis Lateral bending

Side rotation

Normal Global Motion
of the Cervical Spine

Data about the segmental motion of each cer-
vical FSU have been reported in detail in vivo
(Table 2.4) and in vitro (Table 2.5). But, the mea-

Table 2.4 ROM measurements for maximal flexion-
extension of each cervical FSU, in degrees (+ standard
deviation), in normal subjects, according to A [39] and
B [40]

Flexion/extension

Level A B
C0-C1 Not studied

Cl1-C2 Not studied

Cc2-C3 10 (3) 11 (3.4)
C3-C4 15 (3) 15 (4.0)
C4-C5 19 (4) 17 (4.6)
C5-C6 20 (4) 17 (6.1)
C6-C7 19 (4) 14 (4.7)

surement of global ROM in the cervical spine
is a routine part of the clinical examination of
patients with neck disorders. The knowledge of
normal age and sex-related ROM is the basis to
analyze a pathologic motion patterns as well as
decreased or increased ROM. In 1992, Dvorak
et al. [35] tested 150 healthy asymptomatic vol-
unteers to obtain normal values. Each subject,
seated on specially designed chair, was requested
to perform active motion, which is followed by
passive examination by the physician. Flexion-
extension, lateral bending, axial rotation were
evaluated. In addition, axial rotations during full
flexion and full extension were measured. The
volunteers were divided into five groups accord-
ing to age decades. The overall tendency was for
ROM to decrease as age increased: the most dra-
matic decrease in motion occurred between the
group aged 30-39 and 40—49. Axial rotation with
cervical spine in full flexion is the only motion
that remained the same or increased slightly with
age. Substantially, less motion was evident in the
active tests and women showed greater ROM
but only before age 60. Also, the measurement
data for rotation out of maximum flexion sug-
gested that the rotation of the C1-C2 joint did
not decrease with age but rather remained con-
stant or increased slightly, perhaps to compen-
sate for the reduced motion of the lower cervical
spine. In 1999, Feipel et al. [36] evaluated the
normal global motion of the cervical spine by
an electrogoniometric study. In 250 asymptom-
atic volunteers, aged 14-70 year, motion range
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Table 2.5 ROM measurements of each cervical FSU, in degrees (+standard deviation), in human cadavers, according

to the Multidirectional Flexibility Testing [18]

CO-Cl Cc1-C2 C2-C3
Flexion 722.5) 123 2) 3.5(1.3)
Extension 2024.6) 12.1(65 27D
Axial rotation | 9.9 (3.3) 56.7(4.8) 3.3(0.8)
Side bending 9.1 (1.5) 6.6 (2.3) 8.6 (1.8)

and patterns between the first thoracic vertebra
and the head were analyzed for flexion-exten-
sion, lateral bending, rotation in neutral sagittal
plane position and in full flexion. Average motion
range in the sagittal plane was 122° (Standard
Deviation-SD 18°). Flexion was slightly more
important than extension. Global bending was
88° (SD 16°), left and right bending being compa-
rable. Homolateral rotation was associated with
lateral bending: its extent was approximatively
40 % of the bending range. Global rotation range
in neutral sagittal plane position was 144° (SD
20°), without difference between right and left
rotations. During rotation in flexed head position,
global range was comparable to the one in neu-
tral flexion for values of 134° (SD 24°). Finally,
significant reduction of all primary motions with
age was recorded, whereas sex had no influence
on cervical motion range.

Neutral Zone and Cervical Spine
Stability

When a spinal specimen is under a physiologi-
cal load, the specimen does not return to its
initial position. In other terms, a certain resid-
ual displacement remains. This displacement,
measured from the neutral position, defines the
neutral zone (NZ). NZ is the first part of ROM
within which displacement of the spine is pro-
duced against minimal internal resistance. The
NZ is defined by spinal flexibility or laxity. The
elastic zone (EZ) is obtained simply as the dif-
ference between ROM and NZ. EZ is the part of
ROM, measured from the end of the NZ up to the
elastic limit, in which displacement is produced
against internal resistance. The EZ represents
the stiffness of the spine. Panjabi et al [16] and
White e Panjabi [37] reported in detail average

C3-C4 C4-C5 C5-C6 C6-C7

4329 5303) 5526 3.7@.1)
342.1)  48(19) 4428 [34@1.9)
51(1.2) 168713 [50() 2.9 (0.8)
90(1.9) 93(L.7) | 65(1.5 54(1.5)

values of NZ, EZ and ROM for the upper, middle
and lower human cadaveric cervical spine and the
nonlinear load-displacement curve of an FSU. In
summary, with flexion-extension moment load-
ing, coupled translations in the sagittal plane
were anteriorly directed for flexion and poste-
riorly directed for extension in all intersegmen-
tal levels. With axial loading, the cervical spine
exhibited the largest main rotation at C1-C2 and
the largest coupled extension at CO-C1. Coupled
lateral bending was present at all levels, in the
same direction of the applied torque. Coupled
axial rotation was in the same direction as the
lateral bending at all intersegmental levels. The
NZ proved to be more sensitive than ROM in
characterizing spinal instability. Infact, the NZ
increased for injuries and fractures, whereas it
decreased during muscle actions. An increase
of the NZ can exceed the pain-free zone and
may disclose the loss of spinal integrity. Post-
traumatic failure of the spine occurs when the
elastic limit is reached and further forces are
applied (see Fig. 2.8).
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Introduction

Degenerative changes of the cervical spine, both
physiological and pathological, proceed jointly
with the aging of man and can be easily identified
and characterized by modern radiological
techniques. The aging of the cervical spine, in
particular, involves all its structures (osteo-
discal-ligamentous complex); however, the inter-
vertebral joints are the earlier and more
conspicuously involved targets, being also the
most specifically linked to the symptoms deter-
mined by the involution process [1]. Imaging can
also distinguish degenerative diseases from other
causes of radiculo-mielopathy, (i.e. infection or
neoplasms).

In this scenario, magnetic resonance imaging
certainly represents the best imaging modality in
the evaluation of degenerative disease, especially
in the cervical segment, where other methods of
investigation (radiography, computed tomogra-
phy) do not have a high diagnostic accuracy
because of the peculiar anatomical characteristics
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of the cervical spine. However, imaging findings
must be considered clinically relevant only if cor-
related to the patient’s symptomatology, as
degenerative changes of the cervical spine can be
found in asymptomatic patients over age 30 years
[2]. In fact, imaging findings alone do not justify
an aggressive therapy, particularly because some
acute soft disk herniations can significantly
decrease in size over time with conservative ther-
apy [3]. This chapter is an attempt to provide the
clinician with a daily imaging reference in the
treatment and management of patients with cer-
vical spine degenerative disease.

Basic Anatomy

Two components anatomically and functionally
distinct could be recognized in the cervical spine.
The upper cervical spine (or suboccipital spine)
consists of the first two cervical vertebrae, atlas
and axis, articulating with the occipital bone,
forming the craniocervical junction (CCJ). The
lower cervical spine (or subaxial cervical spine)
extends from the C2-3 to the C7-T1 joints [4].

Cranio-Cervical Junction
The atlas is ring-shaped; it is formed by a thick

anterior arch, a thin posterior arch, 2 lateral masses,
and 2 transverse processes. In the transverse
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process there is a foramen, through which the ver-
tebral artery passes (transverse foramen). Lateral
masses have a superior and an inferior articular
facet which form the zygapophyseal joint.

The axis is composed of a vertebral body
(which contains the odontoid process), large ped-
icles, laminae, and transverse processes; the
odontoid process has an anterior articular facet
that articulates with the anterior arch of the atlas.

The craniocervical junction includes six syno-
vial joints: a pair of atlanto-occipital joints, the
anterior and posterior atlanto-odontoid joint and
a pair of atlanto-axial lateral joints. The atlanto-
occipital joints are established between the
occipital condyles and the superior articular fac-
ets of the atlas. The atlanto-odontoid joint takes
place between the dens and a osteofibrous ring
formed by the frontal arc of the atlas and the
transverse ligament. The atlanto-axial lateral
joints articulate the facet joints of the axis and of
the atlas.

The craniocervical junction is held in place by
extrinsic and intrinsic ligaments. The extrinsic
ligaments include the nuchal ligament, which
extends from the external occipital protuberance
to the posterior portion of the atlas and of the cer-
vical spinous processes and fibroelastic mem-
branes that replace the anterior longitudinal
ligament, intervertebral disks and the flaval
ligaments.

The intrinsic ligaments, located within the spi-
nal canal, provide the majority of joint stability.
From the dorsal to the ventral side, they include
the tectorial membrane, the cruciate ligament and
the odontoid ligaments (apical and two alar liga-
ments). The tectorial membrane connects the
back of the axis body to the front of the foramen
magnum and it is the cephalic continuation of the
posterior longitudinal ligament. The cruciate liga-
ment lies anterior to the tectorial membrane,
behind the odontoid process; it is formed by lon-
gitudinal fibers, which from the anterior margin of
the foramen magnum end behind the body of the
axis, and by the transverse ligament, sturdy
fibrous tape stretched between the internal sur-
faces of the atlas masses. A synovial cavity is
located between the dens and the transverse
ligament. The transverse ligament is the most
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important ligament for preventing abnormal ante-
rior translation. Odontoid ligament secure the axis
dens to the occipital bone through the apical liga-
ment and two alar ligaments, which prevent
excessive lateral and rotational motion [5].

Subaxial Cervical Spine

Subaxial cervical spine includes vertebrae C3 to
C7. Vertebral bodies are concave on their supe-
rior surface and convex inferiorly. On the supe-
rior surfaces of the bodies are raised processes
or hooks called uncinate processes, each of
which articulates with a depression on the infe-
rior endplate of the superior vertebral body
(Luschka joints, not considered true articula-
tion) [6]. In most cases the spinous processes of
C3-6 are bifid, while the spinous process of C7
is not.

Each vertebra has two superior and two infe-
rior zygapophyseal joints, a disco-somatic joint
and two, as we have just mentioned, Luschka
joints. The facet joints are diarthrodial synovial
joints with fibrous capsules.

The anterior longitudinal ligament (ALL) and
the posterior longitudinal ligament (PLL) are
found throughout the entire length of the spine;
the former is not well developed in the cervical
spine and is more closely adherent to the disks
than the latter. ALL and PLL are the caudal
extension, respectively, of the anterior atlanto-
occipital membrane and of the tectorial mem-
brane in the lower cervical spine. The
supraspinous ligament, the interspinous liga-
ments, and the flaval ligaments (posterior liga-
mentous complex) maintain stability between the
vertebral arches. The flaval ligament is the most
important: runs from the anterior surface of the
cephalic vertebra to the posterior surface of the
caudal vertebra and, aided by interspinous liga-
ment, in controlling the excessive flexion and
anterior translation. The flaval ligament also con-
nects to and reinforces the facet joint capsules on
the ventral aspect.

Intervertebral disks are located between the
vertebral bodies between C2 and C7 and are
made of four parts: the nucleus pulposus, the
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annulus fibrosus and two endplates attached to
the superior and inferior vertebral bodies. The
disks are thicker anteriorly and, with the physio-
logical process of aging the disk undergoes pro-
gressive dehydration and reduction in height.
The foramina progressively decrease in size
from C2-3 to C6-7; the spinal nerve, which is the
result of the union of the anterior and posterior
nerve roots, occupy about one third of the foraminal
space. The foramen is bordered anteriorly by the
uncovertebral joints, posterolaterally by facet joints,
superiorly by the pedicle of the vertebra above, and
inferiorly by the pedicle of the lower vertebra.

Technical Approach

Diagnostic workup in the assessment of degen-
erative cervical spine disease is aimed to identify
the pathology of the spinal osteo-discal-
ligamentous complex (i.e. spondylosis, hernias,
etc.) and the consequently determined alterations
of the “content” (spinal cord). We briefly describe
the most important imaging modalities (radiogra-
phy, computed tomography, magnetic resonance
imaging) in the evaluation of the effects of degen-
erative diseases that should be considered pre-
liminary to any therapeutic planning [7].

Radiography

Even if radiography is considered the “first step”
technique in the study of degenerative cervical
spine examination, nowadays it has undergone
critical re-evaluation and its role is currently con-
troversial [8, 9]. In the assessement of brachial-
gia, radiography can only provide information
about bone spinal structure degenerative changes,
but it is limited in the evaluation of stenosis of the
central canal and disk herniation, the most fre-
quent causes of pain and neurologic symptoms.
The only indisputable use of radiography is con-
fined to assessement of the instability, perform-
ing a flexion-extension radiograms [10].
However, the functional radiological study itself
can’t demonstrate the most frequent cause of
instability represented by ligament laxity/injury.

Computed Tomography

The introduction of new multidetector computed
tomography (CT) scanner has completely
changed the accuracy and diagnostic capabilities
of CT in the evaluation of degenerative cervical
spine disorders. A slice thickness of 0.6—-0.7 mm
with reconstruction per 1 mm and increases of
0.5-0.6 are recommended parameters for an opti-
mal visualization of degenerative changes.
Contrary to radiography, CT is capable to visual-
ize not only the bony structures but also soft tis-
sues features (e.g. disk herniations). However,
CT is inadequate in the study of ligaments and
bone marrow changes, which are prerogative of
MR imaging. Multiplanar and 3D reconstruction
may be a useful integration to the axial examina-
tion, especially in surgical planning [11]. The use
of contrast media is only limited to the differen-
tiation between hernia relapse and granulation
tissue, in patients with contraindications to
MRI. Finally, the most significant limitations of
CT results from its inability to demonstrate spi-
nal cord disease, making MRI the modality of
choice in patients with clinical evidence of
myelopathy.

Magnetic Resonance Imaging

Cervical spine MR examination should be per-
formed on high-field equipment (>-1.5 T), using
powerful gradient systems and phased-array coils.
The T1- and T2-weighted (T1-w and T2-w)
images in sagittal and axial planes, which repre-
sent the baseline examination, should be com-
pleted with 2D-3D GRE T2*-w axial and sagittal
images, that optimize the contrast between the
bony and the discal/ligamentous structures.
However, in some cases, they can be supple-
mented by more specific sequences and scanning
planes to complete the study and optimize the
diagnosis (i.e. oblique planes for studying nerve
roots course or fat suppressed images in evaluating
Modic changes — vide infra). As for CT, the use of
contrast media is limited to selected instances, i.e.
to evaluate post-surgical hernia relapse and for
differential diagnoses of neoplastic and infectious
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diseases. Finally, it must be taken into account
that MR imaging can directly demonstrate, with
high sensitivity, the lesions of spinal cord, nerve
roots and meningeal sheaths that are in some
cases determined by degenerative changes of the

osteodiscal structures.

Basic Findings in the Degenerative

Disease

The Disk

Disk degeneration starts early in life and
frequently progresses relentlessly. The elderly
frequently show disk degeneration of the cervical

and lumbar tract.

Fig.3.1 Age-related disk
modifications, disk
bulging and disk
herniation shown on
sagittal FSE T2 images.
Patient 1 (a) Minimal disk
dehydration at C3-4 level
(arrow), as demonstrated
by low intensity signal on
T2 images. Patient 2 (b)
With progression of
degenerative changes, disk
height is reduced and
associated with mild
spondylotic alteration at
C4-5 level (arrow). Patient
3 (¢) Posterior disk
bulging at C6-7 level
(arrow). Patient 4 (d) Disk
herniation at C6-7 level
(arrow)
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The pathogenesis of intervertebral disk
degeneration is unclear: multiple factors work-
ing separately (hereditary factors, age related
vascular changes, vertebral endplate changes
such as calcification), may lead to a compromise
of discal trophism. Mechanical factors as trauma,
sports, or working factors may also contribute.

Despite the disk degeneration is due to multi-
factorial causes, four are the elementary imaging
features [12, 13] (Fig. 3.1):

1. Loss of signal intensity of disk (MR imaging)
2. Loss of height (all imaging modalities)

3. Bulging (CT or MR imaging)

4. Herniation (CT or MR imaging)

The radial tear of the annulus that is often
strictly associated with the other features, is to be
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considered the primary failure of the annulus
itself [14]. The radial tear involves all layers on
the annulus fibrosus and it is well described in
MR imaging as high signal intensity tissue in the
region of the disk normally characterized by low
signal intensity [15].

The disk degeneration processes evolve in a
progressively loss of water, with a compromised
integrity of the annulus fibrosus.

On MR imaging these signs are well evident
on T2-w fast spin echo (FSE) or gradient echo
(GRE) images with a loss of normal hyperinten-
sity of signal and an associated loss of height
(often a vacuum phenomenon is demonstrated in
CT or radiography). Frequently the disk degen-
eration is associated with an alteration of adja-
cent intervertebral body endplates (intervertebral
osteochondrosis).

Fig.3.2 Modic 2-3
alterations on sagittal FSE
T1/T2 images. Patient 1:
FSE sagittal T1 (a), FSE
sagittal T2 (b). The
vertebral endplates at C2-3
level show hyperintensity
on both imaging
sequences, due to the
conversion of normal into
yellow fatty marrow
(Modic 2). Spondylosis
results in spondylotic
myelopathy as
demonstrated by intrinsic
high signal of the
compressed spinal cord.
Patient 2: FSE sagittal T2
(c), FSE sagittal T2 (d).
The vertebral endplates at
C5-6 show hypointensity
on both sequences,
representing subchondral
bony sclerosis (Modic 3)

Modic [16] distinguishes three progressive
grades of alteration adjacent to the endplates on
MR imaging (Fig. 3.2), partially corresponding
to the sclerosis described in radiographic or CT
examination:

— Type I: hypointense on T1-w and hyperintense
on T2-w bands which represent the replace-
ment with hematopoietic marrow

— Type II: hyperintense T1-w and iso/hyperin-
tense T2-w bands which represent the replace-
ment by fatty marrow

— Type HI: hypointense T1-w and T2-w bands
which are characteristic of bone sclerosis.

The endplates bony marrow changes associ-
ated with degeneration disks may be however
distinguished from the other diseases such as
infection and metastases.
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Spondilosys

Dehydration and fibrosis of the disk mean that
static and dynamic mechanical stress can no lon-
ger spread through the horizontal plane of the
disk, without altering it structurally. The disk
becomes the seat of fissures, protrudes out and
becomes thinner. Because of the displacement of
disk material beyond the margins of the interver-
tebral disk space, a productive reaction is estab-
lished, producing fibroblasts, in the adjacent
vertebral margins: these phenomena determine
spondylosis pathogenesis.

Osteophytes are the most characteristic sign of
spondylosis and are more commonly found at
levels C5-7; at the beginning they are thin and
have a horizontal course to become gradually
larger until they weld in the more advanced
stages. Uncovertebral joints osteophytes charac-
terize the framework of mono- or bilateral unco-
arthrosis: they push into the vertebral foramina
and can compress the spinal root and into the
intertransverse space, where they take relation-
ship with the vertebral artery [17].

Interapophyseal joints osteophytes that pro-
trude into the foramina will generally occupy the
upper part and rarely are able to cause a radicu-
lopathy by themselves. Instead they contribute to
cause it in the presence of lateral herniated disk
or severe uncoarthrosis. The development of
anterior osteophytes in cervical spondylosis is
usually modest and asymptomatic. Both radiog-
raphy and CT can well demonstrate osteophytes.
Even in the MR imaging, osteophytes can be well
studied with T2*-w sequences that well demon-
strate bone structures, distinguishing from the
adjacent degenerated disk.

Cervical Facet Arthropathy

The degenerative facet disease or arthropaty is to
be considered an osteoarthritis of sinovially lined
apophyseal joints. Each apposing facet is com-
posed of a thin uniform layer of dense cortical
bone, and an overlying layer of cartilage. The
facet joint is lined by synovium.
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The degenerative process is not different from
other synovial joints. It starts with hypertrophic
degenerative inflammatory changes, following
by subluxation that may produce gas (vacuum
phenomenon). Lately there is a cartilage erosion
with narrowed joint space. It is most common in
mid lower cervical spine.

Radiologically the early degenerative signs
maybe be difficult to demonstrate, while the later
changes are well evident in radiography (facet
arthrosis, vacuum phenomenon, mushroom caps
facet appearance, sclerosis). CT with soft tissue
window level well demonstrates the thickening
and inflammatory changes of soft tissue better
visualized with the injection of contrast media.
MR imaging shows a better visualization of the
inflammatory changes and the facet effusion (lin-
ear T2-w images hyperintensity), but overesti-
mated with the T2*-w images the degree of
foraminal and central canal narrowing.

Ligament Degeneration

Cervical ligaments also undergo degenerative
changes, represented by the precipitation of cal-
cium salts and the appearance of new bone for-
mation, which compromise their firmness and
elasticity. It should also be remembered that it is
sufficient the involvement of disks and/or syno-
vial joints to induce ligamentous laxity, conse-
quently alteration that entails the functional
spinal unit (FSU). A FSU consists of two adja-
cent vertebrae, the intervertebral disk and all
adjacent ligaments between them.

The calcified depositions and ossification are
most frequently found in the flaval ligaments and
especially in the anterior and posterior longitudi-
nal ligaments.

Degenerative Cervical Spine
Instability

Stability can be defined as the ability of the verte-
brae to maintain normal relations between them
and to contain their mutual displacements, under
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the action of postures and physiological loads. In
normal conditions, the geometric characteristics
of the vertebrae, a normal intradiscal pressure, the
configuration of the facet joints and, above all, a
correct ligament tension are able to maintain sta-
ble motion segments. When the above conditions
are not preserved, the spine becomes unstable.

Despite the efforts of numerous authors to
define the spinal instability, there is not a definition
shared by all; one of the biggest problems is that
the concept has different meanings in various areas
of clinical radiology and bioengineering. However,
a reasonable definition has been proposed by
White and Panjabi [18] that by supporting a bio-
mechanical approach, define instability as a loss of
“stiffness” of the motion segment in correspon-
dence of which, under the action of a load, the
motion determined abnormal displacement. In
biomechanical sense, the “stiffness” is defined as
the ratio between the loads applied to the structure
and the resulting movement. The instability of the
spine may be the consequence of a trauma, of a
degenerative disease and various other causes.

This premise is fundamental to allow an inter-
pretation of cervical degenerative instability not
as a mere list of topographical radiological signs
but as an alteration of the spinal disk-ligamentous
complex as a whole. The various degenerative
changes must be inserted in well-defined patho-
logical successive phases according to Kirkaldy-
Willis [19], which are:

— Phase of functional derangement
— Phase of instability
— Phase of fixity

Phase of Functional Derangement

Degenerative changes in the initial (disk fissures
and apophysis’ synovitis) determine an inter-
apophyseal joints stress that leads to a modest
hypermobility of the vertebrae. Consequently,
the hypermobility causes a repeated stress of
nerve fibers with the onset of cervical acute pain.
Facet joints subluxation can be associated with a
disk herniation or a symptomatic synovitis.

At this phase the radiography is negative, so in
the suspicion of a herniated disk is necessary to
perform CT or MR imaging.

Phase of Instability

Going on the functional derangement, degenera-
tive phenomena worsen both on disco-somatic
complex (i.e. reduction of disk space, vacuum
phenomenon, intervertebral osteochondrosis)
and on zygapophyseal joints (sclerosis, “mush-
room” deformation of articular pillars, articular
effusion). Consequently radiculopathy or myelo-
radiculopathy may spread out at this phase as a
result of disk herniations and also a spondylolis-
thesis of the vertebra affected (degenerative
spondylolisthesis) may result in dynamic narrow-
ing of central canal and/or foraminal stenosis.
The radiography, when performed in LL projec-
tion in flexion and extension (dynamic study) is
able to detect not only the degree of listhesis but
also to determine if it is reducible or fixed
(Fig. 3.3).

Phase of Fixity

The findings are those of advanced osteoarthritis,
with loss of motion, joint deformation and above
all an increase in osteoproliferative phenomena
(osteophytes and hypertrophy of the articular pil-
lars); these alterations may lead to central canal
stenosis. Conventional radiology is able to high-
light osteoproliferative changes but not to assess
their effects on neurovascular structures, and
therefore they should be investigated with CT
and MR imaging.

Cranio-Cervical Junction
Degenerative Disease

The joint most frequently subject to degenerative
changes in the craniocervical junction is the
atlanto-odontoid. Atlantoaxial advanced degen-
erative changes are the main cause of the onset of
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Fig. 3.3 Degenerative
instability on flexion/
extension radiography.
Flexion (a) and extension
(b). Minimal degenerative
spondylolisthesis C3-4
evident on the flexion
radiogram (arrows, “phase
of instability” according to
Kirkaldy-Willis) with
complete reduction on
extension radiogram

symptoms (headache), with concomitant reduc-
tion in mobility.

Also, it has been suggested that the onset of
vertigo can be referred to a strict relation between
upper cervical spine afferent fibers and vestibular
and oculomotor nuclei [20].

Sometimes degenerative changes can lead to
the formation of abundant inflammatory reactive
tissue, mainly posteriorly to the odontoid process
that could determine an encroach on the ventral
surface of the spinal cord (inflammatory
pseudotumor).

Imaging

CT and MR axial images, as in the subaxial cer-
vical spine, provide a good evaluation of the spi-
nal canal stenosis which is often associated with
the degenerative changes in the cranio-cervical
junction; MR imaging is also capable to evaluate
the medulla oblongata compression and its lately
onset of myelomalacia (characterized by hyper-
intensity on T2-w images). Moreover, the MR
imaging can differentiate hypertrophic pseudotu-
moral changes of the CCJ (Fig. 3.4). Post-contrast
images are useful to exclude/identify inflamma-
tory changes (pannus).
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Subaxial Cervical Spine
Degenerative Disease

Cervical Disk Herniation

Terminology

The general term of herniated disk means the dis-
placement of disk material beyond the margins of
the intervertebral disk space and represents one
of the major causes of neck pain. There are not
universally accepted terminology and classifica-
tion to define various pattern of disk herniation;
different words are often used to describe the
same type of hernia. A purely pathological clas-
sification of disk herniations is not suitable in
daily radiological practice; i.e., the terms disk
prolapse or disk herniation, respectively indicat-
ing that a portion of the nucleus pulposus has
made its way through a fissure that involves only
the innermost fibers of the annulus (prolapse),
and the disk material that has gone through the
whole annulus fibrosus, but not the posterior lon-
gitudinal ligament (disk herniation). However,
since these two conditions pathological are not
differentiable from each other even with MRI
(both can manifest as focal contour deformities
of disk), it is better not to make such a distinction.
Morphologically we can distinguish protruded
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Fig. 3.4 Pseudotumor of
the CCJ; CT and MR
imaging. CT axial (a) and
sagittal (b) images, sagittal
GRE T1 (c¢) and FSE T2
(d) images. Abundant
retro-odontoid
inflammatory tissue at
CO0-C1 level, resulting in
severe spinal cord
compression

from extruded hernias: a disk protrusion is a her-
niated disk in which the distance between the
edges of the disk herniation is less than the dis-
tance between the edges of the base; conversely,
a disk extrusion is a herniated disk in which the
distance between the edges of the disk material is
greater than the distance at the base [21, 22].
Even if a universally accepted classification is
not forthcoming yet, differentiation between the
“bulging disk” by “hernia” is necessary.

Bulging Disk (Fig. 3.5)

The “bulging disk” is characterized by wide/dif-
fuse displacement of disk material beyond the
normal limits of the intervertebral space, while
the herniated disk is instead a focal dislocation.
For wide/diffuse dislocation is meant a disloca-
tion that affects more than 50 % (180°) of the cir-
cumference of disk, while a dislocation is defined
focal when interesting not more than 25 % of the
circumference of the disk. It is important to
emphasize that the “bulging disk”, very common
over forty, may be associated with reduction in

disk height and does not necessarily represent a
pathological condition.

In the presence of a bulging disk, the posterior
dislocation of the disk tissue is typically sym-
metrical and maximum on the median line, but
occasionally it is possible to observe also a focal
disk displacement on one side. In a relatively
narrow spinal canal, the bulging disk can flatten
the dural sac surface, but only rarely and in the
presence of a marked stenosis, results in a true
compression of the spinal cord or nerve roots.

Types of Hernia

A herniated disk can occur in any direction,

although those that have clinical relevance

occupy the spinal canal or radicular canal and

encroach the dural sac and/or nerve roots.
According to the location they are divided as

follows (moving from central to lateral):

— “Central” hernia extends into the spinal canal
along the midline, compresses and deforms
the epidural surface of the dural sac and
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Fig. 3.5 Bulging disk.
Sagittal FSE T2 (a) and
axial FSE T1 (b) images.
The C4-5 disk presents
minimal diffuse bulging of
its margins, with minimal
effect on the ventral
surface of the thecal sac

Fig.3.6 Central disk
herniation. Sagittal FSE
T2 (a) and axial GRE T2
with fat suppression (b)
images. There is focal
C6-7 protrusion/herniation
of disk material deforming
the ventral surface of the
thecal sac on the midline

sometimes, according to its size, is so volumi-
nous as to determine a bilateral radiculopathy
and/or myelopathy (Fig. 3.6);

— “Lateral/Paramedian” (Right/Left) hernia: not
on the median line, but does not extend into
the lateral recess. The herniated material dis-
places the epidural fat and may occupy the
lateral recess, at the origin of the nerve root. It
is responsible for a unilateral radiculopathy
(Fig. 3.7);

— “Foraminal/extraforaminal” hernia: occupy
the radicular (foraminal) canal, or extends
beyond the corresponding foramen (forami-
nal/extraforaminal). Only the foraminal com-
ponent has clinical relevance as encroaching
the nerve root (Fig. 3.8).

By definition the herniated material, which can
migrate upward or downward, is always in conti-
nuity with the intervertebral disk. The hernia can
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be more analytically descripted, when the MR
imaging is performed, as trans-ligamentous or
sub-ligamentous, depending on it has or has not
crossed the posterior longitudinal ligament.

When a fragment of disk tissue is identified
not in continuity with the disk in the central
canal, we use the term of free fragment. This
fragment can migrate cranially or caudally and
can thus impress a nerve root above or below the
level from which it originated.

Although they may have, like all other disk
herniations, an acute post-traumatic onset, are
generally a result of degenerative processes of
intervertebral disks and then associate the reduc-
tion in height of the intervertebral space and
osteophytes that protrude into the central canal or
radicular canals. The evaluation of the relation-
ship between disk tissue hernia and osteophytes
is very important; in particular, we must distin-
guish hernias where the prevailing component
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Fig. 3.7 Lateral disk
herniations (posterior
paramedian/
posterolateral). Patient 1:
Sagittal FSE T2 (a) and
axial GRE T2 with fat
suppression (b) images.
The C3-4 paramedian disk
herniation results in
minimal impingement on
the right hemicord. Patient
2: Sagittal FSE T2 (¢) and
axial GRE T2 with fat
suppression (d) images.
The C4-5 posterolateral
disk herniation occupies
the right lateral recess with
compression of the C5
nerve root

g B\

Fig.3.8 Foraminal C6-7 disk herniation. Sagittal FSET2  bulging while the large disk herniation (arrow in b and ¢)
on the midline (a), right parasagittal FSE T2 (b) and axial = completely occupies the right neuroforamen
FSE T2 (c). On the midline there is only minimal disk

disk (“soft hernia”), those that are completely Cervical disk herniations are less frequent
contained in a shell bone (“hard hernia”). In the than lumbar because the cervical vertebrae have
latter, the results of surgery are worse. to sustained less body weight and because the
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uncinate processes play an important contain-
ment action. The cervical hernia is more common
on the lateral, because in that location, the poste-
rior longitudinal ligament is less tough. Cervical
herniations most commonly occur at the C5-6
and C6-7 levels.

Cervical Hernia Imaging

The peculiar anatomy of cervical spine (interver-
tebral disks are thinner, radicular canals and
foramina are less extensive and there is much less
epidural fat) should always take into account
while performing a CT. CT is typically used to
detect the different hernia components (“soft”
from “hard” hernias) and in the evaluation of
bony structures. The multiplanar oblique recon-
structions perpendicular to the major axis of the
radicular canals provide, for example, an excel-
lent assessment of the size of the foramina and
their possible stenosis due to the presence of
uncovertebral osteophytes.

The detection of a small disk herniation can
however be difficult for the poor presence of epi-
dural fat or, in patients with short and thick neck,
for the superposition of the shoulders and the rib
cage. The use of intravenous contrast medium
can evidence the conspicuity of disk herniation
thanks to the enhancement of epidural veins and
that of the associated granulation tissue. Although
CT maybe a useful aid in the diagnosis of cervi-
cal hernia, post-contrast examination are usually
not required to make diagnosis because of the
clearcut superiority of MRI. Before a scheduled
surgical procedure, however, it may be very
important to evaluate the status of the bony walls
of the central spinal canal and radicular canal, as
shown by CT. In fact, disk herniation is often a
contributing cause of the symptoms and may be
associated, for example, to the stenosis of a radic-
ular canal secondary to uncovertebral osteo-
phytes, which is better visualized on CT.

MRI is definitely the examination of choice in
patients with signs of radiculopathy or myelopa-
thy, caused by disk herniations. The MRI exam
should be performed using sagittal and axial SE
T1-w images, the corresponding FSE T2-w
images, and 2D/3D GRE T2*-w at those levels
where there is a suspicion of disk disease. T1-w
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images provide detailed anatomical information;
the disk appears hypointense almost as much as
the ligamentous structures and osteophytes.
Because of the cerebrospinal fluid (CSF) also
presents a low signal intensity and the epidural fat
is scarcely evident, there is little contrast between
extradural structures and CSF. It is therefore dif-
ficult, in axial T1-w images, to differentiate a
small herniated disk from an osteophyte. Small
herniated cervical disk are certainly easier to
detect in 2D/3D T2*-w images, in which the bone
is more hypointense, fluids are very hyperintense
and therefore it is easier to differentiate the herni-
ated disk from the bone and the adjacent osteo-
phytes. Migrated fragments can sometimes
mimics osteophytes, because of their low signal
intensity and are better visualized on GRE T2*-w
images than on FSE T2-w images. The thinning
and low signal of PLL on GRE T2*-w is charac-
teristic of acute disk herniation [23] (Fig. 3.9).

Stenosis

Central canal stenosis is a narrowing of the verte-
bral canal and/or lateral recesses and/or radicular
canal, which can lead to compression of the nerve
roots or spinal cord.

Patients with cervical stenosis have insidious
symptoms onset, expression of mono- or bilateral
radiculopathy or myelopathy (e.g., upper limb
paraparesis or dysesthesia).

The neck pain is often associated with but not
specific. Early diagnosis is essential, since there
is no spontaneous regression of the process and
the surgery prevents the progression of the symp-
toms and of the spinal cord damage.

Using etiological criteria it is possible to
distinguish:

— Congenital stenosis (idiopathic, dysplasia,
achondroplasia, mucopolysaccharidosis):
characterized by short and stubby peduncles,
shortness of the interpeduncular and sagittal
diameter and hypertrophy and verticalization
of the laminae; the central canal appears nar-
rowed, as well as reduced, until the complete
absence, appears the epidural fat;
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Fig. 3.9 Disk herniations, MR imaging. Patient 1: sagittal
FSE T1 (a), sagittal FSE T2 (b), axial FSE T2 with fat sup-
pression (c¢). Acute disk herniation with high signal intensity

— Acquired stenosis: can be a result of surgery,
traumatic lesions, neoplastic, but more fre-
quently, of degenerative alterations of vertebral
bodies (osteophytes), of articular pillars (hyper-
trophy degenerative osteophytes, subluxation),
of intervertebral disks (“bulging”, herniated
disk), of flaval ligament (hyperplasia, calcifica-
tion) and/or of posterior longitudinal ligament
(ossification). The same reduction in height of
the intervertebral space, due to disk degenera-
tion, can determine the shortening and thicken-
ing of the intervertebral ligaments resulting in
encroach on the dural sac;

— Mixed stenosis: are the most frequent in clin-
ical practice and are derived from the overlap

at C6-7 level. Patient 2: sagittal FSE T2 (d), axial FSE T2
(e). Lateral disk herniation with cranially migrated disk
fragment (arrow in ) which shows low signal on T2 images

of an acquired form on a condition of con-
genital stenosis; in this case, a disk protru-
sion and/or osteophytosis, even modest, may
lead to severe nerve root or spinal cord
compression.

Using topographic criteria, stenosis may be

divided into:

— Central: characterized by a reduction in the
size of the central canal that in degenera-
tive forms is supported by the “bulging”
disk, hyperplasia and/or calcification of the
flaval ligaments, osteophytes and degener-
ative articular pillars hypertrophy.
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— Lateral: include lateral recesses and forami-
nal stenosis. Lateral recesses stenosis is due
touncinate process hypertrophy, degenerative
enlargement of a superior articular facet and/
or osteophytosis. Foraminal stenosis is
mostly supported by congenital factors
(shortness of peduncles), by degenerative
pathology of the disk (“bulging”) and pos-
terolateral vertebral bodies osteophytosis.

Physiopathology

The spine is to be considered as a dynamic com-
plex constituted by a single functional unit,
whose components are interrelated and interde-
pendent. Therefore, it is clear that the physiologi-
cal and progressive fibrosis of intervertebral disk
determines an increased mechanical stress on
facet joint and, consequently, a strain of interver-
tebral disk joint.

The various static and dynamic stresses, espe-
cially rotary stress, produce disk and facet joint
degeneration, leading to “bulging” and disk height
reduction, sclerosis and osteophytes formation
with subsequent central canal stenosis, sublux-
ation upward and forward of the superior articular
pillars and, eventually, to a lateral recesses and/or
foraminal stenosis. The alterations of the articular
pillars include sclerosis and hypertrophy, loss of
articular cartilage, subchondral cysts, osteophyto-
sis and subluxation resulting in degenerative spon-
dylolisthesis. Degenerative spondylolisthesis leads
to a compression of the spinal cord between poste-
rior arch of the vertebra above that slides forward
and the upper endplate of the underlying vertebra.
Even degenerative changes of the other spinal
structures (disk and ligaments) can lead to spinal
stenosis. A “bulging” of the annulus fibrosus
reduces the sagittal diameter of the central canal,
but it can also lead to stenosis of the lateral recesses
or foramina; thickening of the flaval ligaments,
due to fibrosis, fatty infiltration or calcific depos-
its, reduces the transverse diameter of the posterior
portion of the central canal and also reduces the
sagittal diameter displacing forwards the dural sac.

Imaging
Radiography, whether of good technical quality,
demonstrates the degenerative changes but it is
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not able to make an accurate diagnosis. In fact a
central bony canal of normal size may be stenotic
because of the thickening of the ligamentous
components.

Furthermore, measurement of the diameters of
the canal is not very reliable, given the consider-
able individual variability. It is true, however, that
at the cervical level there are two semeiological
radiographic references that allow assessing the
width of the sagittal diameter of the central canal:
the first coincides with the ideal line drawn along
the posterior wall of the vertebral bodies; the sec-
ond is the spinolaminar line. This imaginary line
joins the points of convergence of the laminae of
each vertebral body on the midline. Normally, the
spinolaminar line is convex forward and is at
least 34 mm away from the posterior edge of the
articular pillars. If the spinolaminar line is over-
lapped to the zygapophyseal joints, it is possible
to infer that the sagittal diameter of the cervical
central canal is reduced.

Another method to assess spinal stenosis is the
central canal-to-vertebral body ratio, also called
Torg-Pavlov ratio. This is a ratio of the diameter of
cervical canal to the width of cervical body. Less
than 0.8 on radiography is consistent with cervical
stenosis [24]. However, we can consider stenotic a
cervical spinal canal with a width less than 13 mm
[25]. CT is effective to assess the causes of degen-
erative spinal stenosis, since it well demonstrates
vertebral body and facet joints osteoproliferative
processes, degenerative changes of intervertebral
disks and calcification of flaval ligaments.

In case of degenerative spondylolisthesis, CT
easily identifies subluxation of the zygapophy-
seal joints, the sign of “double arch” and, in the
sagittal multiplanar reconstructions, dural sac
impingement. CT also allows easier measure-
ment of the diameter of the central canal, but it is
not able to demonstrate the effects of the degen-
erative injury on the spinal cord. Moreover, in the
cervical spine, the low amount of epidural fat and
the relatively small size of the spinal canal is
insufficient to assess a possible ligamentous
hypertrophy.

There is no doubt that MR imaging presents
undeniable advantages over CT in the analysis of
the relationship between the central canal and
the spinal cord. It optimally demonstrates
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compressive phenomena on the spinal cord, their
extension (on sagittal images) and, above all, the
direct effect on the nervous structures (edema,
gliosis and myelomalacia). Because of these
advantages, especially in the cervical spine, MR
imaging represents the preferred imaging modal-
ity (Fig. 3.10). The root compression in the
foramina is shown, in the sagittal T1-w images,
by the dislocation or disappearance of periradic-
ular fat; compression of the dural sac and disk
degeneration, however, are more evident in the
T2-w images. Using volume 3D GRE tech-
niques, thin sections (1 mm or less) imaging, it is
possible to obtain the best evaluation of cervical
neural foramen [26]. Although CT can be used
to screen for neural foramina narrowing, the MR
imaging using axial GRE T2*-w or post-contrast
MR imaging usually offers better results. The
T2*-w images allow identification of osteo-
phytes and differentiate them from adjacent disk
herniation. Furthermore, it clearly demonstrates
the ossification of the posterior longitudinal liga-
ment and flaval ligaments hypertrophy due to the
intrinsic high contrast that exists between these
structures and the adjacent subarachnoid space.

Fig.3.10 Stenosis of the
spinal canal, MR imaging.
Patient 1: sagittal FSE T2
(a), axial FSE T2 with fat
suppression (b). Posterior
disk herniation associated
to mild spondylosis at
levels C4-5, C5-6 and
C6-7 determine spinal
canal stenosis with
encroaching the spinal
cord that presents intrinsic
signal modifications. On
axial images the degree of
stenosis is better
evaluated. Patient 2:
sagittal FSE T2 (c), axial
FSE T2 (d). Advanced
stages of spondylosis and
disk degeneration/
herniation. The central
canal is almost completely
obstructed. Spinal cord is
severely compressed with
reduction of its sagittal
diameter and intrinsic
signal modifications

If the spinal cord is compressed over a long
period, irreversible changes occur with focal
areas seen as high intensity signal in the cord on
T2-w images [27], namely myelomalacia and
gliosis, resulting in a more obvious reduction of
the sagittal diameter of the spinal cord (atrophy)
with increased evidence of the ventral fissure.

Specific Degenerative Disease

Diffuse Idiopathic Skeletal
Hyperostosis Syndrome

The Diffuse Idiopathic Skeletal Hyperostosis or
DISH, (also known as Forestier disease, senile
ankylosing hyperostosis and asymmetrical skel-
etal hyperostosis) is a not a so uncommon degen-
erative disorder in the elderly population, with a
reported prevalence in some study of 10 % in
patients over 70 years [28, 29]. It is characterized
by excessive ossification along the anterior longi-
tudinal ligament of the spine that results in
bridging osteophytes. In the ’70s, Resnick
established specific radiological criteria for the
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Fig. 3.11 Diffuse Idiopathic
Skeletal Hyperostosis
Syndrome (DISH),
radiography and CT. Lateral
radiogram in standing
position (a) and CT sagittal
images (b). Diffuse
ossification along the ALL
with bridging osteophytes
from C2 to C7 is well evident,
with disk height preserved.
The findings are better
demonstrate on CT
examination, allowing to a
more accurate extension of
the disease

diagnosis of DISH [30]: (1) presence of flowing
calcification and ossification along the anterolat-
eral aspect of at least four contiguous vertebral
bodies; (2) relative preservation of intervertebral
disk height in the involved vertebral segments
without degenerative disk disease; (3) absence of
apophyseal joints ankylosis and sacroiliac joint
erosion, sclerosis or bony fusion [31]. Extra-
spinal ossification in DISH may occur at liga-
mentous attachments and para-articular soft
tissues.

DISH is largely asymptomatic and it is usually
incidentally detected. The exact etiology of the
syndrome in unknown: the DISH could be consid-
ered an expression of the ossificans diathesis,
typical of the advanced age, that leads to the pro-
duction of bone tissue at the insertions of tendons
and ligaments on the skeletal structures (enthe-
ses), both to the ligaments calcification and ossifi-
cation, and finally to the formation of para-articular
osteophytes [1]. The spine is the elective seat of
the disease, pointing out that other skeletal areas
may be involved.

Imaging
The radiological findings results directly from
the histopathologic alterations of the spine.
A characteristic aspect of the DISH is that the
ossification of the ALL is more pronounced at the
level of the disk spaces, creating a “bulky” aspect
of the ventral spine profile.

In the first stages of the disease, radiography
may show a fine ossification (with a thickness of
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2 mm or less); with the progression of the dis-
ease, it is possible to observe the development of
large syndesmophytes (a syndesmophyte 1is
defined as a bony growth originating within a lig-
ament). The typical site of syndesmophytes for-
mation is the anterior aspects of vertebral body
(because of the involvement of ALL).

Radiography is inadequate for evaluating the
extent of the compression caused by the large
syndesmophytes on trachea, bronchi, or esopha-
gus. In this case, CT of the spine is helpful and
especially is aided by coronal and sagittal recon-
structions (Fig. 3.11).

CT has a role in the evaluation of complica-
tions, such as fracture, spinal canal stenosis
secondary to associated ossification of the pos-
terior longitudinal ligament, and pressure
effects on the hypopharinx. The only indication
in performing an MR imaging is to show/rule
out cord compression when DISH is associated
with OPLL, as it is observed in a minority of
patients [32].

Ossification of the Posterior
Longitudinal Ligament

Ossification of the posterior longitudinal liga-
ment (OPLL) is a spine disorder that usually
affects individuals between the fifth and seventh
decade of life, more frequently males; a higher
incidence in the Japanese population has been
reported [33]. The disease commonly involves
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Fig.3.12 Ossification of Posterior Longitudinal Ligament
(OPLL), MR imaging. Sagittal FSE T2 (a) and axial FSE
T2 (b, ¢). Ossification of the posterior longitudinal liga-
ment is observed at C3-C6 levels, in the intermediate tract

the cervical regions of the spine and is clinically
characterized by myeloradiculopathy, even if the
OPLL may be often as the symptomatic.

It has been proposed that pathogenesis of
OPLL may be related to disk herniation and/or to
a diffuse hyperostotic process [34].

Imaging

On radiography, a continuous calcification along
the posterior longitudinal ligament is observed,
especially on the intermediate tract of the cervical
spine (C3-5); the associated disk degeneration and
facet ankylosis are often minimal. CT has a higher
sensitivity in the assessment of calcification exten-
sion; in some cases the axial images can show spe-
cific patterns of calcification of the ligament
(“upside-down T” and “bowtie”). MR imaging
shows the spinal cord damage or lesion that can be
associated, particularly in those cases in which the
ossification thickness is greater (Fig. 3.12).

of cervical spine. The spinal cord shows mild hypertensity
at that level (edema/gliosis) due to compression of the
thickened ligament

In some patients with OPLL it is possibile
to detect an extensive calcification of the ALL
or other signs of DISH; when it happens, dif-
ferential diagnosis with inflammatory arthrop-
athy is made possible by observing no facet
joint ankylosis and few associated disk degen-
eration [33].

Destructive SpondyloArthropathy
of the Cervical Spine in Long-Term
Hemodialyzed Patients

Destructive SpondyloArthropaty (DSA) is radio-
graphically characterized by a notable reduction
of the intervertebral disk space associated with
erosions and cysts of the adjacent endplates
and minimal osteophytosis. Typically, multiple
vertebral bodies are involved: the lower part of
the cervical spine (C5-7) is the most frequently
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affected, though the CCJ may also be involved.
Clinically, DSA can lead to medullary compres-
sion which requires surgical decompression and
stabilization. However, neurological symptoms
are rare. The prevalence of DSA is difficult to
establish: it varies from 5 to 25.3 % in long-term
hemodialyzed patients [35].

The exact pathogenesis of DSA is not well
understood: it thought to be the direct conse-
quence of the hemodialysis-related systemic
amyloidosis. There are many risk factors associ-
ated to the onset of the DSA, such as the duration
of renal failure, the age of onset, the duration of
hemodialysis, dialysis membranes and the basic
clinical condition of the patient but to date the
natural history of this syndrome is unclear and no
effective treatments are available.

Imaging

The radiographic signs of the syndrome include a
severe reduction of the intervertebral disk space
associated with erosions and/or cysts of the adja-
cent endplates and minimal osteophyte formation.

On radiography, in the early stages of the DSA
it is possible to detect an enthesopathy, mimick-
ing an early ankylosing spondylitis. As the
pathology progresses, an endplate destruction
associated with a soft tissue mass is established,
very similar to spondylodiscitis signs. These
alterations lead to vertebral body collapse, sub-
luxation or listhesis.

The degenerative process, with pseudotumors
and bone erosions, can sometimes involve the
CC]J, although it is uncommon. A relevant clinical
problem is to rule out infections in symptomatic
hemodialyzed patients (who present an increased
risk of infection) with destructive vertebral
lesions. The radiologist should be able to distin-
guish DSA from spondylodiscitis; if low signal is
observed in T2-w and STIR (Short Tau Inversion
Recovery) images, DSA is more probable.

Ossification of Flaval Ligaments
It is a degenerative disorder characterized by the

ossification of flaval ligaments. The pathogenesis
is unclear and probably associated with metabolic
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disorders (with hydroxyapatite or calcium pyro-
phosphate deposition in ligament).

Ossification of flaval ligaments appears as a
linear thickening of flaval ligament similar to
adjacent vertebral marrow ossification. The ossi-
fication is typically symmetric and bilateral; it is
often diagnosed incidentally during imaging
study ordered for other reasons.

Imaging

On radiography, when appreciable, ossification
of flaval ligaments appears as a thin calcification
anteriorly to lamina.

CT is the best imaging modality for primary
diagnosis to show ossification, but it is inade-
quate for determining the possible spinal cord
involvement. On CT, ossification of flaval liga-
ments appears as a hyperdense thickening within
the ligament best shown on axial images with the
characteristic V-shape image.

MR imaging may easily detect not only ossifi-
cation of the ligaments but also the effect indirectly
determined on the spinal cord. On T1-w images the
ossification of flaval ligaments appears as a hypo-
(thinner lesions) to hyperintense (thicker lesions)
linear mass within the ligaments. On T2-w images,
it appears as a linear hypointensity associated or
not with myelomalacia, due to cord compression.
On GRE T2*-w images, the flaval ligaments
appears as a thickened hypointense band, and it is
difficult to estimate the actual degree of canal nar-
rowing due to susceptibility artefact [6].

Calcium PyroPhosphate Deposition
Disease

Calcium pyrophosphate deposition disease
(CPPD) is a metabolic arthropathy, also known as
pseudogout, caused by a proliferation and depo-
sition of calcium pyrophosphate dihydrate in and
around joint, especially in articular cartilage and
fibrocartilage, with possible involvement of CCJ,
namely the peri-odontoid structures. It is charac-
terized by linear disk or ligament calcific depos-
its. The exact etiology of the syndrome in unclear;
it may be associated with hyperparathyroidism,
hemochromatosis, gout or hypophosphatasia.
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Imaging

Radiography may demonstrate linear calcifica-
tions within the disk and it is often associated
with calcification of the pubic symphysis or tri-
angular fibrocartilage of the wrist. CT is the best
imaging tool for evaluating the calcifications,
but the MR imaging, especially on the T2-w
images, can evaluate not only the calcifications
but also the amount of granulation tissue and
fibrosis [6].
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Definition of Cervical Pain

Although seemingly obvious, a definition of the
region of the neck that is subject of our interest is
warranted. The neck extends form the articula-
tions of the occipital condyles with the first cervi-
cal vertebra till the articulations of the seventh
cervical vertebra and the first thoracic.

Within the neck many structures are present.
They can all contribute to cervical pain.
Therefore, the differential diagnosis of cervical
pain can be exhaustive. A thorough clinical
examination before any additional investigations
are ordered cannot be over-estimated. In this
chapter cervical pain or neck pain will be con-
fined to pain originating from the cervical spine
and its contents.

Cervical pain or pain in the neck should also
be defined. Pain in the neck (neckpain) can be
located in the neck itself, or in combination with
irradiating pain into shoulder, arm, digits, breast,
shoulderblade (cervical radicular pain) and/or
head (cervicogenic headache).

The origins of pain within the cervical spine
are manifold: anterior and posterior ligaments,
supraspinous ligaments, interspinous fascia and
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muscle, facet joints, outer fibres of annulus fibro-
sis, vertebral endplates, dura, and dorsal root
ganglions [1, 2]. All these structures can be
involved in several pathophysiologic processes
like inflammation (also systemic like rheumatoid
arthritis), metabolic diseases, trauma, oncologic
processes, deformities either congenital or
acquired, and degenerative entities. Neck pain
can be a symptom of a serious disease warranting
medical treatment. Cervical radicular pain can
also occur without neck pain. Although they can
concur some advocate to distinguish them clearly,
since they have different causes, mechanisms and
treatments [2]. In this chapter will be focused on
the degenerative process as causative mecha-
nism. In clinical practice, neck pain is frequently
not distinguished as a separate entity, if it is com-
bined with cervical radicular pain.

Epidemiology

Little is known about incidence and prevalence of
cervical radiculopathy. In population-based study
the annual average -adjusted incidence rate of
cervical radiculopathy was 83.2 per 100,000 pop-
ulation. Men were more affected than women.
The highest peak incidence was found in the age
group 50-54 years. Involvement of the C7 root
was most frequent, followed by C6 [3].

Neck pain is common among adults, but also
children [4]. Between 30 and 50 % of an adult
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population said that they had suffered from a
period of neck pain in the previous year. In most
instances the pain did not interfere with work or
daily activities [4, 5]. The age — and gender
annual cumulative incidence of a new episode of
neck pain was 14.6 % in a population-based
study. Less than 1 % suffered from disabling
neck pain, most were mild [6]. Between 25 %
and 75 % of the patients report recurrent neck-
pain within 1-5 year after the initial event from
which they had recovered [7].

Radiologically, the prevalence of craniocervi-
cal osteoarthritis is estimated at 4.8 % with a rise
to 5.4 % in the sixth decade and 18.2 % in ninth
decade [8, 9]. Head loading activities (e.g. por-
ters at stations) are a risk factor. In a cadaver
study of subjects in their seventh till ninth decade
at death 42 % showed osteoarthritis-related
osteophytes at the median atlantoaxial joint and
in 8 % of the occipito-atlantal joint [10]. In 4 %
of a population of patients with degenerative
spine disease, atlanto-axial osteoarthritis was
radiologically present [11].

Pathophysiology

Degeneration of the spine has been subject of
investigation for a long time. Excellent reviews
have been published [12-14]. The origin of
degeneration of the spine starts within the inter-
vertebral disc, and most of the studies were
focused on the disc. Mainly attention has been
given to degeneration of the lumbar spine.
However, the results concerning cellular and
matrix changes of the intervertebral disc can also
be extrapolated to the cervical spine, since the
cervical discs do not differ in composition. It
should be emphasized that biomechanical load
pattern of the lumbar spine absolutely does not
resemble the one of the cervical spine. In the
upper cervical spine, osteoarthritis of especially
the C1C2 joint can also cause pain. It is evident
that the intervertebral disc cannot be responsible
for this, and it will be discussed separately. Early
in life the vascular supply of the vertebral end-
plates decreases, and therefore also the nutritional
supply of the cells within the disc. The cell den-
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sity decreases and matrix changes
Progressive loss of water content will occur, and
an increase in fibrotic tissue. Radial tears appear.
In pathologic degeneration disc height will col-
lapse. Osteophytes may occur even in asymptom-
atic persons. The formation of osteophytes is
believed to be an adaptive process to stabilize an
unstable segment [12, 13, 15]. Genetic inheri-
tance and loading history can contribute to an
advanced aging process and finally degeneration
[12]. The influence of these processes on the facet
joints at the involved level should be emphasized.
These will also show signs of degeneration.

The distinction between normal aging and
degeneration is not always clear. Adams defined
degeneration of the intervertebral disc as cell-
mediated processes that weaken the disc and that
are accompanied by structural failure [12].

These processes can lead to extrusion of
nucleus pulposis with compression of the spinal
cord and/or exiting nerve root at that level.
Weakening of the disc can contribute to spondylo-
listhesis of which a prevalence is reported from 5.2
to 11 % [16, 17]. Also osteophytes can ultimately
compress the spinal cord, nerve root and/or dorsal
root ganglion. In a population-based study in
21.9 % a disc protrusion is responsible for cervical
radicolupathy, in 68.4 % a combination of disc
herniation, osteophytes, and spondylolisthesis [3].

occur.

Cervical Radicular Pain

The most frequent cause of cervical radicular pain
is the disruption of the annulus fibrosis leading to
a prolaps of the intervertebral disc or even an
overt sequestrated herniated disc. Inflammatory
exsudates aggravate the sensory of pain within the
dorsal root ganglion. Diseases that only compro-
mise the nerve root cause sensory and motor func-
tion loss but no pain, whereas involvement of the
dorsal root ganglion produces pain even without
these exsudates. This is an argument that the dor-
sal root ganglion should be involved to produce
radicular pain [2]. In case of spondylolisthesis,
retrolisthesis contributes to compression of the
dorsal root ganglion since it decreases the size of
the neuroforamen, whereas anterior listhesis
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increases it [18]. Summarizing, pathologic degen-
eration of a cervical intervertebral disc can lead to
herniated intervertebral disc, osteophytes, spon-
dylolisthesis or combinations of these. All of
these might become symptomatic.

Impingement of the cervical root can result in
neurologic deficit. The patterns of irradiating pain
and concomittant neurologic signs and symptoms
(radiculopathy) are specific and should be used to
define the involved level. These can be found in
any neurologic or neurosurgical textbook.

Neck Pain

The pathophysiology of neck pain due to degen-
erative disease is not well understood. All above
mentioned structures within the cervical spine
can be involved. None of them causes a specific
pain pattern. In some cases even referred pain can
occur [2, 14]. For idiopathic neckpain a poor psy-
chological health is a risk factor for developing
neck pain [4, 7].

Craniovertebral Osteoarthritis

The pathophysiology of osteoarthritis of the upper
cervical segments (CO-C1 and C1-C2) is discussed
separately since an intervertebral disc is not
involved. Clinically osteoarthritis of CO-C1 is very
rare [19]. Radiographically, osteoarthritic changes
in the CO-C1-C2 zone were seen in 6.8 % of a group
individuals with a mean age of 47.9+8.0 years.
Findings at CT were sclerosis of joint margins
(2.9 %), ligament calcification (2.9 %), and osteo-
phytes (1.9 %) [8]. The presenting symptom is
unremitting unilateral suboccipital pain [19].

Osteoarthritis of C1-C2 is clinically more
often encountered although still rare [11]. Due to
degeneration of the C1-C2 joint rotatory move-
ment will be restricted, and in a minority dis-
abling pain can occur. This pain can irradiate to
the head in the occipital, parietal or even frontal
region. Usually unilateral involvement of the
joint is responsible for the symptoms [11, 20].
Especially rotating the head is extremely painful
[20, 21].

Treatment
Natural Course

Before discussing treatment options it is impor-
tant to know the natural evolvement of cervical
degenerative disease. Degeneration of the cervi-
cal disk and eventual degeneration of the facet
joints will often not become symptomatic.
Narrowing of the canal especially at the disk
level is seen with increasing age [22, 23]. One of
the explanations of this phenomenon in asymp-
tomatic individuals was that degeneration mainly
occurred at the disc level. The relation between
age and degeneration of the intervertebral disc
was also shown by Matsumoto et al. [24]. In 94
asymptomatic individuals, they found an increas-
ing prevalence with age of various aspects of
degeneration of the intervertebral disk, although
more than 90 % of the total population had one or
more signs of degeneration of the intervertebral
disc including anterior compression of the thecal
sac in 80.9 %. These findings were confirmed by
another study [25]. In this study, the prevalence
of cervical disc degeneration was higher in
patients with a symptomatic and proven lumbar
disc herniation compared to asymptomatic con-
trols. The individuals suffering from lumbar disc
herniation did not complain or did not have any
signs related to compromise of neurogenic struc-
tures within the cervical spine. Overall signs of
cervical disc degeneration on the MRI were pres-
ent in over 80 %. In a cohort of 223 subjects pro-
gression of the degenerative findings was found
on MRI in 81.1 % during 10 year follow-up of
healthy volunteers of whom 34.1 % developed
clinical signs in this period [26]. In summary, as
we grow older the cervical spine will degenerate
chiefly at the level(s) of the intervertebral disc.
Very often this process is asymptomatic.

In a minority compression of a nerve root/dorsal
root ganglion and/or spinal cord causes pain and/or
neurologic deficit. The compression can occur
through a herniated cervical disc, spondylarthrotic
vertebral spur, degeneration from facet joint, bulg-
ing flaval ligament or a combination of these.

The natural course for idiopathic neckpain
seems to be mild. In most cases it does not
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interfere with daily activities or result in seeking
medical attention. Frequently the neck pain is
persistent or recurrent [5].

Craniocervical Osteoarthritis

Although the number of reports on surgical treat-
ment of atlanto-axial osteoarthritis steadily rised
during the last decennia [20], a description about
the natural course was not found. However, con-
sidering biomechanical effects of the arthritic
changes and the age of the affected people, it can
be assumed that symptoms are considered as
mild. Somewhat painful restrictions in movement
of the neck will in most instances be related to the
advanced age.

Conservative Treatment

Cervical Radicular Pain

Cervical radicular pain with or without neuro-
logic deficit is not always an indication for
surgical indication. Symptomatic compression
of the spinal cord is a more evident indication
for surgery, since the recovery of signs and
symptoms is completely different than of
those due to cervical radiculopathy. In sub-
jects presenting with painful radiculopathy, it
has been shown that a cervical herniated disc
can regress and that the symptoms resolve or
improved [27-29]. It should be stated that the
investigated persons did receive non-operative
supporting program.

The non-operative treatment of cervical radic-
ular pain with or without neurologic deficit is div-
ers: pain-reducing agents like NSAID’s, collar
(soft or hard), manual therapy, physiotherapy,
steroid injections. It was remarkable that for
intervention studies uniform definitions and cri-
teria did not exist [30]. In a recent systematic
review it was concluded that regardless of the
kind of conservative treatment patients improved
[31]. A semi — hard collar was effective in reduc-
ing neck — and armpain in the first six weeks after
acute onset after cervical radiculopathy.
Physiotherapy was also effective in this time
period, but because of the extra additional costs
not recommended [32].
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A reduction of pain can be achieved by percu-
taneously injection of steroids epidurally. This
can be done transforaminally of interlaminarly.
The use of steroids is based on the presence of
inflammatory chemical substances in case of a
herniated intervertebral disc. The effectiveness
for interlaminar injections was proven. However,
for transforaminal injections the evidence was
poor. This in combination with the high risk of
complications incuding death justifies a limited
use of transforaminal injections [33].

Neck Pain

The causative mechanism of idiopathic neck pain
is very . Often it is not possible to distinguish a
pain generating structure(s). Therefore, many
conservative treatment options exist: education,
excercice interventions, medications, manual
therapies, physical modalities, acupuncture, laser
therapy and magnetic therapy, combined
approaches, and workplace interventions. [34].
Active supervised exercises and manual therapy
are more effective than no treatment. None of
these is more effective compared to each other in
the short and/or longterm [34].

Craniocervical Arthritis

In case of painful restriction of neck movements
that can be related to degenerative changes in the
upper neck, the choice of an usual plethora of
conservative management options is possible:
nonsteroidal anti-inflammatory drugs, gabapen-
tin, intraarticular injection, bracing, physical
therapy, cervical traction, chiropractor manupila-
tions and C2 blocks [19, 20, 35].

Surgery

Cervical Radicular Pain

Surgery is indicated when the patient suffered
from intractable pain without sufficient response
to pain reducing manoeuvres, persistent pain for
8—12 weeks after a period of conservative treat-
ment, persistent neurological deficit and/or signs
and/or symptoms of cervical myelopathy [27]. It
was shown that surgery provided better pain
relief in the first six months compared to
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conservative management. After 1 year a differ-
ence between surgical or conservative treatment
did not exist anymore [36].

Several surgical options exist. Through an
anterior or posterior approach the offending
pathology can be treated. Anteriorly a discec-
tomy without or with intervertebral implant can
be performed or a micro-foraminotomy. A mini-
mal invasive using laser or coblation option is
also a possibility.

Anterior cervical discectomy is a well known
procedure. Frequently an intervertebral impant is
used after the discectomy. The implant can be
iliac crest, cage (also stand alone) or polymethyl-
methacrylate (PMMA) [37, 38]. For unknown
reasons iliac crest with anterior plate (anterior
cervical discectomy with fusion; ACDF) is a
golden standard. The main reasons for using
these kind of intervertebral implants are mainte-
nance of intervertebral disc height, preventing
local kyphosis and ultimately fusion (fusion is
not the goal for PMMA). Clinically a difference
does not exist between the used implants [37].
For unknown reasons ACDF using iliac crest
with plate is golden standard. In case of one- or
two-level disc disease anterior cervical discec-
tomy alone is as good as ACDF considering pain
relief [39, 40]. Complications related to harvest-
ing iliac crest were less when using a cage.
However, fusion rates are higher after iliac crest
with plate [41]. The clinical relevance of radio-
logical pseudoarthrosis should be questioned. A
more recent implant is the cervical disc prosthe-
sis or arthroplasty. The assumption was that
maintaining mobility instead of fusion would
prevent adjacent disc disease. It is remarkable
that adjacent disc disease was never decribed
before the introduction of arthroplasty. Since
then the number of publications related to adja-
cent disc disease annually increased [42].
Recently, it was shown that the occurrence of
adjacent disc disease was similar after arthro-
plasty or ACDF [43, 44]. In a randomized con-
trolled trial (RCT) mobility at the adjacent
segment was the same after arthroplasty as in
ADCEF [45]. Finally, adjacent disc disease is a
radiological diagnosis with questionable clinical
relevance.

After 2 years of follow-up, the clinical results
were similar for arthroplasty and ACDF [46].
However, after 4-6 years follow-up of few
patients who underwent arthroplasty scored bet-
ter than ADCF on neckpain but also armpain
[44]. Especially the observed difference in arm-
pain is very peculiar since the amount of decom-
pression should be the same for any technique.
Howeyver, it has been described that in arthro-
plasty the decompression was wider than in
ACDF [47]. In that case two different techniques
were compared instead of two kind of implants.
Furthermore, most of the RCT’s have introduced
bias because of financial disclosures of the
authors [48].

A micro-foraminotomy is an anterior approach
in which the compressing structure is removed
through drilling away the uncinate process leav-
ing the disc intact and preserving mobility. In
52-80 % a good or excellent result was achieved
[49]. Recurrence can occur [50].

A posterior approach or a dorsal cervical
foraminotomy has also a high success rate [51,
52]. The success rate varies between 64 % and
97 % [53]. A disadvantage of this approach is
that frequently an indirect compression can be
achieved . Especially of anterior located bony
spurs indirect decompression is only possible
whereas in selected cases an sequestrated disc
fragment can also be removed. Furthermore, not
every herniated disc can be approached dorsally.
Only those that are located laterally from the the-
cal sac compressing the nerve root are indicated.
Any disc protrusion anterior from the thecal sac
(spinal cord) is not safely accessible. Using tubu-
lar retractors diminished blood loss intraopera-
tively, stay at the hospital, and postoperative
neck pain [54]. Finally, nucleoplasty of
Percutaneous Laser Disc Decompression
(PLDD) is another percutaneous minimal inva-
sive technique. Energy is delivered within the
disc tissue through a laser or ultrasound (cobla-
tion). Not every herniated cervical disc is candi-
date for this treament. The selection is very strict:
disc height not less than 50 % estimated on the
disc heights of the adjacent discs, no sequestra-
tion of the herniated disc, and no accompanying
bony spurs [55]. A good result is reported in
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83.7 % till 89.1 % [55-58]. PLDD has a better
pain reducing effect than conservative treatement
[59]. An in vitro study disclosed that less than
1 % of the disc volume was evaporated after
decompression by laser with energy and intensity
similar to clinical use. Using higher energy and
temperature increased the risk on damage of the
spinal cord and nerve root. The thermal effect on
the noci-receptors was assumed to be causative
of the positive effect [60].

Neck Pain

For idiopathic neckpain surgery is not recom-
mended due to its pathophysiology, whereas it
can be a serious option for neckpain due to a spe-
cific disease (e.g. cancer, infection, inflammatory
disease etc.). In a systematic review no firm con-
clusion could be made on the effectiveness of
surgery compared to conservative treatment
partly because of the high risk of bias of the
included studies [61].

Craniocervical Osteoarthritis

In case of disabling neck pain due to occipito-
atlantal degeneration not responding to conser-
vative treatment fusion might be an option.
The same holds true for severe atlanto-axial
degeneration with concomitant incapacitating
pain. The patient should be informed about
further restriction of the already restricted
flexion and rotation of the head [19, 20, 62].
Occipital neuralgia in combination with
atlanto-axial degeneration can resolve immedi-
ately after fusion [62]. Fusion can be done by
transarticular screws or the method proposed
by Harms and Goel for C1-C2 arthrodesis. The
occiput should be included in case of occipito-
atlantal osteoarthritis.
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Authors’ Preference of Dealing
with Cervical Pain and/or
Radiculopathy

If a patient presents with only neck pain, addi-
tional investigations will take place after thor-
ough history taking with emphasis on complaints
related to neck pand and physical examination. If
a specific cause for the neck pain is established,
the treatment offered will be according to state of
the art concepts of the specific etiology.

However, if a cause is not suspected or found
the neck pain is considered as idiopathic. An
explanation of the natural course will be given,
the advise to exercise and to be active in sports
(preferentially avoiding contact sports), and
sometimes a referral to a manual therapist will be
offered.

In a patient presenting with degenerative cer-
vical radiculopathy within 10 weeks after onset
of the complaints and without symptoms of spi-
nal cord involvement, the often beneficial natural
course will be explained. The advice to be as
active as possible will also be given. If the patient
improves, continuation of the management will
be encouraged. Otherwise, the option of surgical
decompression will be offered. In case of spinal
cord involvement surgery in short time will be
discussed.

In most instances the author prefers an ante-
rior approach with stand alone cage. However,
for recurrent compression (especially seen after
arthroplasty) a posterior approach might be an
option and also for people who are in daily life
dependent upon their voice (e.g. musicians,
teachers etc.).

This is algorithm is schematically represented
in Fig. 4.1.
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Patient presenting with
cervicoradiculopathy/
neckpain

Neckain most
prominent

Specific disease (eg
infection, tumor etc)

Cervical

Treat myelopathy

Conservative
treatment

Cervical radiculopathy
Intractable pain non-responding to conservative
treatment
and/or progressive neurologic deficit

Wait for 10-12
weaks

Pain reduction

Surgery

Fig. 4.1 Flow diagram representing algorythm for patients with neck and/or cervival radicular pain

Treat

Surgery

Continue
conservative
management
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Introduction

Cervical spine surgery (CSS) presents sev-
eral challenges for the anesthesiologist, and
the possible complications may be severe;
cervical injuries are often permanent and
very disabling, as shown by closed claims
databases [1].

As for every kind of surgery, a careful preop-
erative assessment of the physical status of the
patient is needed. In particular for the elderly,
coexisting diseases and chronic therapies are fre-
quent and often interfere with anesthetics or
increase the rate of complications.

However, for CSS several peculiar features
deserve special attention. The spine could be stiff
or unstable, making the airway management
risky and difficult. The surgical field is near the
airway, increasing the risks of displacement of
the endotracheal tube (ETT) or development of
postoperative edema or hematoma which could
lead to obstructive complications. The patient
positioning, especially for posterior cervical
spine surgery (PCSS), always needs a great
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attention for the smaller details, due to the actual
possibility of eyes, nerves and skin injury.
Cardiovascular instability could result from pre-
existing or intraoperative spinal cord injuries
(SCI), or be the consequence of wrong position-
ing or fluid management. Moreover, deliberate or
inadvertent hypotension can cause or worsen a
SCI, especially when a preoperative cord com-
pression or microvascular impairment (e.g. for
diabetes) are present. In order to minimize SCI or
root injury an intraoperative neurophysiologic
monitoring (IONM) may be adopted, making
crucial the choice of a proper anesthetic tech-
nique and the close cooperation with the surgeon
and the neurophysiologist.

During the postoperative clinical surveil-
lance is mandatory for the early detection of
neurological deterioration or airway obstruc-
tion. Some adverse events need to be recognized
as soon as possible to perform an efficient ther-
apy. The occurrence of a spinal hemorrage could
compress the spinal cord, the airway could be
rapidly impaired for the possible development
of a cervical hematoma or the worsening of pha-
ryngeal edema and/or tongue swelling. The
adopted strategy for the postoperative pain con-
trol could interfere with the haemostatic mecha-
nism if non-steroideal drugs are administered.
Impairment in swallowing function or laryngo-
pharingeal sensitivity could cause an aspiration
pneumonia, particularly when postoperative
nausea and vomiting (PONYV) is present.
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Anesthetic Management
and Prevention of Complications

Preoperative Assessment

The preoperative conditions of the patients
scheduled for CSS, and consequently the anes-
thetic technique chosen, may heavily affect the
risks and the outcome of the procedure.

The correct and complete preoperative assess-
ment is a subject too wide to be treated deeply in
this chapter. General indications about the most
common and important coexisting diseases will
be illustrated, underlining some peculiar aspects
that need to be evaluated in this kind of surgery.

The most used method for the preoperative risk
assessment is the stratification resulting from the
American Society of Anesthesiologists Physical
Status Classification System (ASA class). ASA
could be also used to properly assign the patients
to an outpatient protocol, when allowed. As
opposed to the past, recent studies show that
patients ASA III can be treated as outpatients
without significant increase in perioperative com-
plications [2, 3] while ASA IV patients are gener-
ally addressed for an inpatient treatment.

However, most authors are now focusing their
attention on the single comorbidities and on their
grade of stabilization, rather than on the ASA
class.

A careful evaluation is needed for patients suf-
fering from diabetes, cardiovascular diseases
and/or chronic obstructive pulmonary disease
(COPD). Also, patients with already diagnosed
or suspected Obstructive Sleep Apnea (OSA)
deserve special attentions, in particular if a fast-
track treatment is proposed. Untreated or poorly
stabilized situations should suggest delaying the
surgery or deciding for an inpatient treatment [4].

For diabetic patients, it’s greatly advisable to
assess the level of control of the disease, based on
the history, the number of experienced hospital
admission for hypo-hyperglicemia, and so on. It’s
also important to assess the level of compliance
of the patient with his disease. Commonly, a
good compliance consists in his ability to per-
form blood glucose test and to detect the early
symptoms of hypoglicemia by himself.

C. Angelo etal.

Patients using insulin often take a combined
therapy with a basal component (a single dose of
long acting insulin) and a postprandial correction
with a short acting insulin. Usually, if the patient
didn’t experience preprandial hypoglicemia in
the previous months, it’s safe and advisable to
administer 75-100 % of basal-dose long acting
insulin the morning of surgery. However, the first
target is to avoid hypoglicemia, so it’s advisable
to control blood glucose levels and to be ready to
administer 5-10 % glucose solutions i.v. periop-
eratively when needed.

Oral antidiabetics should not be taken on the
day of surgery, and avoided until normal alimen-
tation is resumed.

The preoperative measurement of glicosylated
haemoglobin Alc (HbAlc) could help detect
patients with poor control of the disease. Levels of
HbA Ic lower than 7 %, representing the ideal ther-
apeutic target according to the American Diabetes
Association Guidelines [5], were found associated
with a significantly lower rate of postoperative
infections [6]. A recent study showed that poorly
controlled diabetic patients had a mean hospital
stay 5 days longer than normal stay, while well
controlled diabetic patients only 1 day longer [7].

Patients affected by Coronary Artery Disease
(CAD) should be carefully investigated, particu-
larly when instability or recent modifications in the
appearance of symptoms are present [2]. Adverse
cardiac events following CSS are not uncommon
(4/1000) but their rate increases significantly in
older patients (>65 yo) with greater comorbidities,
particularly cardiovascular diseases [8].

Recent works suggest that Congestive Heart
Failure (CHF) is actually the most important risk
factor for perioperative morbidity and mortality
[9]. CHF leading to a NYHA class (New York
Heart Association) higher than II, recommends
an inpatient treatment.

With few exceptions, there is general agree-
ment to continue chronic medications for cardiac
patients until the morning of surgery. Recent
reviews suggest a short preoperative suspension
for all the antagonists of renin-angiotensin-
aldosterone system. These drugs have been
involved in increasing the rate of significant
hypotension episodes after the induction of anes-
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thesia or during neuraxial blocks, and of postop-
erative developement of acute renal failure [10].

The perioperative continuation of antiplatelet
drugs should be carefully considered. While it’s
commonly accepted, in the presence of a bleeding
risk, to suspend the therapy in primary prevention,
many reports suggest that the antiplatelet with-
drawal during secundary prevention for ischemic
diseases may lead to serious complications [11].
When surgery is performed in an area where the
development of an hematoma could lead to severe
complications (e.g. the anterior region of the
neck), or in closed spaces as the spinal canal, the
risk of bleeding should be carefully evaluated.
When a double antiplatelet therapy is indicated,
elective surgery should be postponed. The aver-
age increase in bleeding risk in non-cardiac sur-
gery is about 20 % with aspirin or clopidogrel
alone [12, 13]. The risk rises up to 50 % over the
basic risk when aspirin and clopidogrel are used
together [14]. In such particular situations, a mul-
tidisciplinary approach involving surgeon, anes-
thesiologist and cardiologist or neurologist is
advisable to customize clinical decisions [15, 16].

COPD is a frequent condition, especially
among the older patients, and is often associated
with obesity and with an increase in the rate of
postoperative bronchopulmonary complications
[17]. If general anesthesia or deep sedation are
needed for elective surgery, when a severe or
poorly compensated COPD is present, with
increase in bronchial secretions and clinically
relevant bronchial reactivity, a preparation with
aerosol therapy and antibiotics is advised. In
addition, in the compliant patient smoke banning
at least 6-8 weeks before surgery has signifi-
cantly lowered the rate of bronchopulmonary
complications and improved surgical wound
healing [18]. If possible, local anesthesia and
Monitored Anesthesia Care should be preferred.
However, if tracheal intubation is mandatory, the
early weaning from invasive ventilation helps
prevent complications [19].

In particular in the elderly, smokers and obese
patients, OSA is not uncommon and is often
underdiagnosed. The frequent association of
anatomical abnormalities in the upper airway
could advice a careful evaluation for suspected

difficult intubation, and the availability of all
emergency airway equipment [20]. In the last
years, quite simple questionnaires to detect
patients with suspected OSA have been pro-
posed, compared with others and validated [21].
Patients with already diagnosed and treated
OSA can be managed in OP or DS setting if they
are able and skilled in the use of a Continuous
Positive Air Pressure (CPAP) device (possibly car-
rying their own device at the admission to the hos-
pital). Patients with suspected OSA and without
comorbidities, with a low risk emerging from clini-
cal evaluation and from the questionnaire results,
could be treated in OP or DS setting only if the
postoperative pain can easily be controlled without
opioids. In patients with high risk for suspected
OSA or with comorbidities or when postoperative
opioid use is mandatory it seems more prudent to
decide in any case for an inpatient treatment [22].

Airway Assessment

As in every kind of surgery, a proper airway eval-
uation is mandatory before the induction of anes-
thesia, even if recent surveys show a poor
accuracy in the clinical prediction of a difficult
direct laryngoscopy (DL) [23].

A simple definition of “difficult airway”
could be: a clinical situation in which a meanly
skilled anesthesiologist experiences difficulty
with facemask ventilation and/or with tracheal
intubation [24].

The presence of one or more of the common
findings that could hinder an easy direct laryngos-
copy or facial mask ventilation must be detected
in order to establish a correct behavior (Table 5.1).
All other things being equal, a more cautious
approach is needed when a patient is scheduled
for CSS, mostly if the stability of the spine could
be impaired. A collective evaluation with the sur-
geon regarding the preoperative neurological sta-
tus, the spine stability and the intervention
proposed is surely the best approach to choose the
most suitable behavior. Finally, if an awaken intu-
bation is chosen, the psychological compliance of
the patients should be appraised, and proper infor-
mation must be given to the patient.
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Table 5.1 Components of the preoperative airway physi-

cal examination airway

Examination
component

Nonreassuring findings

1. Length of upper
incisors

Relatively long

2. Relationship of
maxillary and
mandibular incisors
during normal jaw
closure

Prominent “overbite”
(maxillary incisors anterior to
mandibular incisors)

3. Relationship of
maxillary and
mandibular incisors
during voluntary
protrusion of
mandible

Patient cannot bring
mandibular incisors anterior to
(in front of) maxillary incisors

4. Interincisor
distance

Less than 3 cm

5. Visibility of uvula

Not visible when tongue is
protruded with patient in sitting
position (e.g., Mallampati class
>2)

6. Shape of palate

Highly arched or very narrow

7. Compliance of
mandibular space

Stiff, indurated, occupied by
mass, or nonresilient

8. Thyromental
distance

Less than three ordinary finger
breadths

9. Length of neck

Short

10. Thickness of
neck

Thick

11. Range of motion
of head and neck

Patient cannot touch tip of chin
to chest or cannot extend neck

With permission from Apfelbaum et al. [24]

Thanks to the improvement of electronics and
optic fiber technology, many devices have been
proposed in the last few years to overcome diffi-
cult intubation (Fig. 5.1). These devices have been
compared with the classical Maclntosh laryngo-
scope and also with the fiberoptic bronchoscope or
laryngoscope for their efficacy in improving visu-
alization and in reducing neck movements and
mechanical stress of cervical spine [25, 26].

Awake fiberoptic intubation can be performed
using topic anesthesia with a conscious sedation
in order to minimize coughing and neck move-
ments [27]. This is the favorite technique for
most practitioners in patients scheduled for gen-
eral anesthesia with anticipated difficult intuba-
tion [28]. However, awake fiberoptic intubation is
not without risks. In a closed claims analysis of
12 failed awake intubations, 9 cases (75 %)
resulted in death or brain damage either for tech-
nical causes or for lack of patient cooperation, or
development of airway obstruction for the seda-
tion or edema [29].

Intraoperative Neurological
Monitoring

Iatrogenic injury to the spinal cord and peripheral
nerves could occur during CSS, caused from
wrong positioning, surgical or anesthetic maneu-

Fig.5.1 Sequence of images during an endotracheal intubation with a GlideScope ®
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vers or poor hemodynamic control. The blood
supply to the medulla is granted from the anterior
and posterior spinal arteries. The anterior spinal
artery feeds approximately the two thirds of the
cord mainly in the anterior and central area and
the flow is centrifugal. The posterior spinal arter-
ies feed the posterior part of the gray matter of
the posterior horns and the more external portion
of the anterior-lateral and posterior white matter,
and its flow is centripetal. With the exception of
the posterior half of the posterior horns, supplied
only from the posterior spinal artery, the two sys-
tems have a discrete grade of overlapping.
Unfortunately, the real efficiency of the intercon-
nections is generally poor and not truly compen-
satory in case of obstruction of one of the two
systems. Moreover, blood supply of the spinal
cord is not homogeneous; the cervical tract is
more vascularized with a good supply from both
anterior and posterior systems, while thoracic
and lumbosacral tract have respectively a weaker
anterior and posterior flow [30].

In order to early detect neurologic modifications
during spinal surgery, various neurophysiologic
techniques have been proposed and used.
Somatosensory-evoked potentials (SSEPs) were
the first to be studied and adopted. The registration
of cortical or subcortical potentials after adminis-
tration of peripheral stimuli and the evaluation of
variations in amplitude and latency of the responses,
helps in detecting possible functional impairment
of the posterior afferent pathways. Typically the
stimulating electrode are applied over the median
nerve in the arm or over the posterior tibial nerve
distally to the knee. The stimulation site is chosen
depending of the site of surgery; when CSS is pro-
posed the median nerve is generally used, while for
surgery distal to the cervical segment the tibial
nerve is stimulated [31].

In most cases, the technique gives indirect
information about the functional situation of the
anterior regions of medulla.

However, also for the anatomical and func-
tional reasons described above, SSEPs may fail
to detect spinal cord injury in the anterior-lateral
area involving only the descending motor path-
ways without impairment of the posterior col-
umns and gray matter.

TcMEPs monitoring was introduced to over-
come these false negative responses. The electri-
cal or magnetic stimulation of the precentral
motor cortex with the peripheric recording under
the surgery level of the muscular response can
help assess the integrity of the anterior descend-
ing pathways.

Moreover, during CSS, TcMEPs and SSEPs
seem to have different patterns of sensitivity:
while TcMEPs are more useful to detect hypoten-
sion and cord hypoperfusion related injuries,
SSEPs may be more helpful in preventing bra-
chial plexus injuries [32].

Literature data highly recommend the contin-
uous recording of both SSEPs and MEPs for the
high sensitivity and specificity of the responses
they can give when used together, allowing the
recovery of situations which could otherwise
have a very poor outcome. When pedicle screws
are used, the intraoperative EMG is also recom-
mended [33].

Special anesthetic care is needed when moni-
toring of somatosensory-evoked potentials
(SSEPs) and/or motor-evoked potentials (MEPs)
is planned, in order to detect intraoperative func-
tional impairment of the spinal pathways.
Anesthetic agents can heavily affect the quality of
the monitoring, particularly for cortical SSEPs
because of cortical direct depression. Moreover,
general anesthesia causes a depression of intrinsic
spinal cord activity, which is more evident when
nitrous oxide or halogenated agents are used.
Even if the use of trains of stimuli rather than a
single one tends to overcome this poor excitabil-
ity, the depressive effect is still significant.

Hence, the simultaneous monitoring of a cor-
tical and a subcortical site of SSEPs may help,
when necessary, in the interpretation of a decrease
in cortical SSEPs amplitude and/or increase in
latency, because the subcortical response is far
less impaired by the anesthetic effect. Generally
the first choice should be a TIVA, because of the
impact of inhalational anesthetics on evoked
potentials even at low concentrations [34].
Propofol suppresses the activity of the anterior
horn cells, but significantly less than halogenated
anesthetics [35]. Also intravenous drugs should
be chosen carefully: benzodiazepines and
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barbiturates produce CMEPs depression at doses
less than those affecting the SSEPs and lasting
for several minutes. Opioids are an important
component of anesthesia for evoked potentials
monitoring: they only produce minimal changes
in spinal or subcortical SSEP recordings, a mild
decrease in amplitude and increase in latency for
cortical SSEPs and myogenic responses from
MEPs [36].

Recently it has been noted that also remifent-
anil, when used at higher doses, can affect SSEPs
monitoring, acting particularly on the amplitude
of signals [37].

Spinal MEPs (stimulating cranially to the
level of surgery) or pedicle screw testing during
spinal instrumentation (EMG recording) are vir-
tually insensitive to anesthetic agents, while
could be hindered by muscle relaxant drugs.
However, a controlled degree of neuromuscular
blockade with two twitches remaining in the train
of four allows an effective monitoring and is pre-
ferred in order to avoid excessive movements and
facilitate surgery. Many Authors use a continuous
infusion of a muscle relaxant agent, generally
cis-atracurium, titrated to obtain and maintain the
desired pattern of train-of-four.

In any case, due to the complex pattern of
interference between anesthesia and intraopera-
tive neurophysiologic monitoring, a continuous
exchange of information among all the practitio-
ners involved can improve the interpretation of
data and the outcome of the patient [36].

Patient Positioning and Related
Complications

Positioning in CSS is potentially challenging. A
study on 75 patients undergoing CSS with IONM
showed a sudden worsening during positioning
of trans cranial MEPs in three cases and both
MEPs and SEPs in two cases. Despite the imme-
diate adjustment of the patient’s position and the
stabilization of an adequate blood pressure, in
one case evoked potentials remained depressed
during surgery and the patient presented delayed
neurological impairment in the postoperative
(tetraparesis), but fortunately with a complete
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recovery after 2 weeks. The other four patients
gradually showed improvement of evoked poten-
tials after re-positioning with no neurological
deficits at the end of surgery [38].

Neurological impairment, mostly transitorial,
is also reported after non-cervical surgery partic-
ularly in the elderly patients in which unsus-
pected cervical stenosis are often present [39].
This always suggests cautious positioning of the
head and possibly, in every case of supposed spi-
nal cord compression, a proper maintenance of
mean arterial blood pressure that may have
potential benefit in improving the blood supply to
ischemic areas [30].

Peripheral nerve injury is a rare complication
after surgery, generally caused from bad patient
positioning with an overall rate ranging from
0.03 to 0.1 % [40]. The complication seems more
frequent in patients with some comorbidities
such as diabetes mellitus, alcohol addiction and
vascular disease, and particularly in the elderly
and in the extreme ranges of body mass index.
Literature data are poor and missing in random-
ized trials about the matter; no guidelines are
available to help in choosing the correct position-
ing in any kind of surgery; only some advices
have been proposed based on expert opinions,
case reports and consensus surveys. The abduc-
tion of the arm seems to be more tolerated in the
prone rather than in the supine position, though
it’s advised not to exceed 90° [40]. In the supine
position with the arm abducted the ulnar nerve is
better protected with the forearm in supine or
neutral position; when the arm is tucked at side
the forearm should be in neutral position and in
any case pressure on the ulnar groove at the
elbow and on the radial spiral groove of the
humerus must be avoided. Flexion of the elbow
may increase the rate of ulnar impairment, while
excessive extension beyond the range preopera-
tively assessed as comfortable may stretch the
median nerve. During surgery the position of the
upper extremities should be periodically reas-
sessed. Gel or foam padding are advised but they
must be used carefully, possibly by experienced
staff. A wrong use of padding can even increase
rather than decrease the rate of postoperative
neuropathy [41].
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One of the most devastating complications in
non-ocular surgery is the PeriOperative Visual
Loss (POVL), in some cases caused from wrong
position. POVL is rare if considered in the whole
population of surgical patients, ranging from
1:60.000 to 1:125.000, but is more frequent in
spine surgery (3.09:10.000); only cardiac surgery
has a higher risk of POVL (8.64:10.000). The
causes of POVL are mainly two: the Central
Retinal Artery Occlusion (CRAO) and the
Ischemic Optic nerve Neuropathy (ION). The
CRADO leads to the ischemia of the entire retina,
while the less severe obstruction of a branch of
the artery (BRAO) causes an impaired function
only in a sector. Whereas during cardiac surgery
the most common mechanism involved is the
arterial microembolism, during spine surgery the
complication mainly derives from an improper
head position, leading to mono or bilateral ocular
compression [42]. Recently, an ASA task force
has proposed some practical advices for POVL
prevention in spine surgery. For the prevention of
CRAO and other ocular damage direct pressure
on the eye should be avoided, the eyes of prone-
positioned patients should be assessed regularly
and documented [43]. ION is less rare than
CRAO, accounting for about 89 % of cases of
POVL after spinal surgery. The mechanisms
underlying the development of ION are not com-
pletely known, but the pathogenesis seems to be
multifactorial [42]. The occurrence of ION seems
to be strictly correlated with surgery duration. In
a survey of 83 ION after spine surgery, the major-
ity of the cases (94 %) occurred for 6 h anesthetic
duration or longer, while only one case was asso-
ciated with surgery lasting less than 4 h [44].
Other risk factors for ION were detected such as
obesity, male sex, Wilson frame use, greater than
estimated blood loss, and decreased percent col-
loid administration. The pathogenesis of ION is
not clear. The most popular theory involves the
elevation of venous pressure and the develop-
ment of interstitial edema leading to deformation
and obstruction of the vessels feeding the optical
nerve. All the factors able to increase the venous
pressure in the head or to decrease the oncotic
pressure could predispose to ION. Some exam-
ples are the prone position with abdominal

Fig. 5.2 Gel padding devices

compression in obese patients or the head posi-
tion lower than the heart for the former; a signifi-
cantblood loss with consequent hypoalbuminemia
and the scarse administration of colloids for the
latter [45].

Other complications deriving from improper
positioning should be prevented using gel or
foam-made dedicated devices (Fig. 5.2) or even
normal pillows put together with the active contri-
bution of the surgeons, the nurses and the anesthe-
siologist. The final result must ensure the
distribution of the pressures as more as possible
over larger extensions of tissues, avoiding exces-
sive and localized compressions, and excessive
stretching or flexion of elbows, shoulders and
neck. Abdomen compression should be avoided
to facilitate intermittent positive pressure ventila-
tion and limit barotrauma. Moreover, the reduction
of the intrathoracic mean pressure leads to
improvement of venous return and helps in lower-
ing surgical bleeding. This is particularly impor-
tantin CSS, where a deliberate arterial hypotension
must be generally avoided to ensure a proper
blood perfusion to the spinal cord. As discussed
above, the head and the face should be frequently
checked to avoid harmful compressions on the
eyes and ears (Figs. 5.3 and 5.4) [46].

Prophylaxis of Surgical Site Infection

Surgical site infection (SSI) is a dreadful and costly
complication in spinal surgery. A retrospective
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Fig. 5.3 A foam-made headrest for prone positioning,
with a mirror for eyes check

Fig. 5.4 Nasotracheal intubation for ACSS at C3 level.
The eyes are protected by an adhesive shell-shaped device

study regarding 90 patients undergoing posterior
CSS showed no infections in upper cervical sur-
gery (all infected patients were operated at C3 level
or below) while the use of a rigid collar in the

postoperative is underlined as an important risk
factor for infections of the wound in subaxial cervi-
cal surgery [47]. Other known risk factors were
investigated, such as smoke with an odds ratio
(OR)=2.10 and perioperative steroids (OR=3.42),
but neither resulted statistically significant. A larger
series of 318 patients undergoing posterior cervical
decompression, showed an incidence of 1.6 % for
SSI needing reoperation (5 cases) with a statisti-
cally significant correlation between postoperative
infection and the number of levels decompressed
[48]. In a retrospective study on 1,615 lumbar spine
fusions (1,568 patients), the overall rate of infec-
tion in was 2.2 %. Risk factors detected were dia-
betes (x6), smoke (x2) and positive history of
spinal surgery (x3.7). Moreover, risk increased
with the number of levels fused [49].

Literature data support the efficacy of
perioperative antibiotic prophylaxis in all the
orthopedic spinal procedures with or without
instrumentation, with a grade A in the strength of
recommendation. The standard recommended
agent is cefazolin 2 g i.v. for adult patients (3 g in
patients weighting over 120 kg, 30 mg/kg for
pediatric patients), administered within 60 min
before skin incision. Clindamycin or vancomycin
should be used as alternative agents in patients
with B-lactam allergy. If organizational SSI sur-
veillance shows that gram-negative organisms
are associated with infections or if there is risk of
gram negative contamination of the surgical site,
clindamycin or vancomycin should be used in
addition to cefazolin if the patient is not -lactam
allergic, or to aztreonam, gentamicin, or single-
dose fluoroquinolone if the patient is p-lactam
allergic. In patients who are known to be colo-
nized with methicillin-resistant Staphylococcus
aureus (MRSA), vancomycin should be added to
cefazolin. For agents requiring a slow infusion
over 1-2 h, as fluoroquinolones or vancomycin,
the administration should begin within 120 min
before skin incision. For patients with renal or
hepatic impairment, the dose often does not need
to be modified when given as a single preopera-
tive administration before surgical incision. In
order to maintain an adequate blood and tissue
drug concentration, redosing is recommended
when the duration of the procedure exceeds two
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half-lives of the drug or there is excessive blood
loss [50].

Deep Venous Thrombosis
and Pulmonary Embolism Prevention

DVT complicates CSS with a mean rate of 0.5 %,
with an higher incidence after posterior fixation
(1.3 %) than after anterior CSS or posterior
decompression (<0.5 %). Despite this low rate of
occurrence, the hospital stay increases by 7- to
10-fold over normal when DVT is present, and
mortality rates increase by 10- to 50-fold [51]. In
a prospective clinical trial in patients undergoing
CSS, mechanical prophylaxis with intermittent
pneumatic compression (IPC) was equally effec-
tive as unfractioned heparin or low molecular
weight heparin for the prevention of DVT and
PE, but avoided the risk of postoperative hemor-
rhage [52].

The 9th edition of the Antithrombotic Therapy
and Prevention of Thrombosis Guidelines from
the American College of Chest Physicians sug-
gests mechanical prophylaxis, preferably with
IPC, over no prophylaxis or pharmacological
prophylaxis. For patients undergoing spinal
surgery athighrisk for Venous ThromboEmbolism
(VTE), including those with malignant disease or
those undergoing surgery with a combined
anterior-posterior approach, the guidelines sug-
gest adding pharmacologic prophylaxis to
mechanical prophylaxis once adequate hemosta-
sis is established and the risk of bleeding
decreases [53].

Postoperative Pain Management

Pain after spine surgery is often more severe than
in other surgical settings. Skin incision frequently
involves multiple adjacent dermatomes and pain-
ful anatomical structures are often involved as
periosteum, ligaments, facet joints, muscular fas-
cial tissue. Among the deep somatic structures,
periosteum seems to be one of the most painful
tissues having the lowest pain threshold nerve
fibers [54]. Complex mechanisms of peripheral

and central sensitization of pain receptors and
spinal cord pathways are also involved in explain-
ing the resistance to treatment and the tendency
of the pain to persist even after days. In addition,
patients scheduled for spine surgery are often
under preoperative chronic pain therapy. In some
patients, a large use of opioids in the preoperative
creates serious therapeutic challenges in the post-
operative, making pain less responsive to incre-
mental doses of opioids [55].

When minimally invasive techniques are
adopted, pain could be reduced for the generally
small skin incisions and the reduced damage for
muscles and deep tissues. However, among the
postoperative “side effect” of surgery, pain rep-
resents one of the most common causes of hos-
pital re-admission or delayed discharge,
especially when an outpatient (OP) or day sur-
gery (DS) treatment is planned. Nowadays, the
multimodal approach to pain therapy is consid-
ered the best model of treatment, because it
allows to reduce the doses of the single drugs
used and to minimize the potential side effects.
The multimodal or balanced treatment consists
in combining opioid and non-opioid analgesics
with additive or synergistic actions since the
preoperative period [56].

Other techniques can be adopted together with
drug therapy to help to decrease postoperative
pain. Skin and tissues infiltration with a long act-
ing local anesthetic added with epinephrine
before the surgical incision is a common practice.
This technique reduces intraoperative bleeding
and analgesics requirement, at least in the earlier
postoperative period. Continuous postoperative
wound infiltration with local anesthetics through
microcatheters of various length is also available,
but not so widely used, even if the efficacy and
the low rate of complications have been demon-
strated [57, 58].

Due to the large margin of safety and the very
rare complications, acetaminophen deserves a
special place in the management of pain after
CSS. Acetaminophen alone could efficiently
control a moderate pain. When used in combi-
nation with other Non-Steroidal Anti-
Inflammatory Drugs (NSAIDs) or weak opiates,
it significantly reduces the consumption of other
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analgesics in the postoperative. The availability
of oral and intravenous (iv) preparations makes
acetaminophen suitable both for perioperative
and for postoperative use, and also allows to
continue the support therapy easily after patient
discharge [56].

NSAIDs and cyclooxygenase-2 inhibitors
(COX-2) lead to increased risk of non-union after
spine fusion surgery, but this adverse effect seems
limited to prolonged use (>14 days) or high
doses. The use of ketorolac at a dose of more than
120 mg/day even for few days or the use of a
cumulative dose of more than 300 mg of diclof-
enac significantly affect the risk of non-union
[59]. When used at lower doses and for few days,
these drugs surely help in postoperative pain
treatment.

Opiates still have an important role in the
treatment of moderate-to-severe postoperative
pain, but because of the important side-effects,
it’s advisable to reduce the doses in a multi-
modal protocol. The association of NSAIDs or
celecoxib with a slow-release oxycodone since
the preoperative period improved the outcome
of spine surgery when compared with intrave-
nous morphine, providing earlier recovery of
the bowel function [60]. Patients treated preop-
eratively with opiates for chronic pain could
necessitate large opiates doses in the periopera-
tive period. The use of intraoperative ketamine
infusion in these patients has significantly low-
ered opiates consumption even over 6 weeks
after spine surgery, particularly after CSS. The
clinical benefit in terms of reduction in opiate-
related PONV has been higher for CSS than for
lumbar surgery, while the ketamine related side-
effects such as disturbing dreams and hallucina-
tion were more common after lumbar surgery
[61, 62].

The gabapentinoids (gabapentin, pregabalin)
have also been used in association with other
drugs for multimodal postoperative pain treat-
ment, but their role remains uncertain as some
studies failed in demonstrating a reduced opioids
consumption. Furthermore, the side effects, such
as somnolence and sedation, dizziness and ataxia,
could slow the physical and psychological recov-
ery, especially in the elderly [56].

C. Angelo etal.

PONYV Prevention and Treatment

Postoperative nausea and vomiting heavily affect
the grade of satisfaction of the patients and in
some cases may increase the risks for other severe
complications such as pulmonary aspiration.
After ambulatory or 1 day surgery PONV repre-
sents, after pain, the second cause of hospital
readmission or delayed discharge. Several stud-
ies have been dedicated to the problem and
guidelines have been established to help physi-
cians in clinical decisions [63].

Preoperative detection of risk factors is crucial
to provide a correct PONV prevention for each
patient. A simple way to assess the risk of PONV
after general anesthesia has been proposed; it’s
based on the evaluation of four characteristics asso-
ciated with an increased risk: female gender, his-
tory of motion sickness or PONV, non-smoking
status, need of postoperative opioids [64]. When
none of these conditions are present, no prophy-
laxis is recommended. Higher risk scores deserve
prophylaxis with one or more drugs, and/or the
adoption of specific anesthetic techniques. When
general anaesthesia is needed, Totally Intra-Venous
Anaesthesia (TIVA) is associated with lower
PONV incidence than inhalational anaesthesia,
especially in the first hours after surgery [65, 66].

If not otherwise contraindicated, the protec-
tive effects of adequate preoperative and intraop-
erative hydration against PONYV, drowsiness and
dizziness, is generally known [7893018], even if
in some kind of surgery it seems less clear [67].
For the same reason, oral intake of clear fluids
until 3 h before surgery helps in preventing post-
operative nausea and it is considered safe for the
risk of inhalation [68].

Dexamethasone is a long acting glucocorti-
coid with a largely demonstrated activity in
reducing PONV [69]. The mechanism of action,
probably multifactorial, is still unclear. When
administered during anesthesia induction at a
dose of 0.05+0.1 mg/kg, it significantly lowered
the rate of PONV in various surgical settings and
it’s considered safe in terms of side effects [70].
Although many authors suggest that rescue medi-
cation should not involve dexamethasone, it has
been also associated with a significant reduction
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in established PONV when used in addition to
ondansetron and droperidol [71].

5-Hydroxytryptamine-3  (5-HT3)  receptor
antagonists are widely used in the common practice
for the prevention of PONV and of the side effects
of chemotherapy. Ondansetron is the most famous
drug of the family, normally used at a dose of 4 mg
at the end of surgery. Palonosetron, a 5-HT3 antago-
nist with a longer half-life and a higher receptorial
affinity, seems very promising especially for the
prevention of Post Discharge Nausea and Vomiting
(PDNV). Even if more effective and safer than
ondansetron (no action on QT interval), the use of
palonosetron is still limited [70, 72].

Transdermal scopolamine is effective and the
side effects are quite frequent although generally
mild and well tolerated [73]. In the elderly, how-
ever, the occurrence of confusion or an excessive
sedation could be observed, suggesting to remove
the patch. The patch is applied the evening before
surgery or at least 2 h before the induction of
anesthesia, because the onset of the effect is
about 2—4 h [74].

Droperidol is very effective in the prevention of
PONYV with a Number Needed to Treat (NNT) of 5,
and highly effective in the prevention of nausea
during patient controlled analgesia with opiates
(NNT=3). In the last years, however, the use of
droperidol has been greatly limited after the Black
Box Warning issued by the Foods and Drugs
Administration in the USA in 2001. Droperidol has
been associated with adverse cardiac events as pro-
longation of QT interval and torsades de pointes.
Despite the fact that several authors suggested a
revision of that decision, the warning is still active,
restricting the use of droperidol to the treatment of
patients who fail to show an acceptable response to
other adequate treatments [63, 66, 75].

More recent drugs, the Neurokinin-1 receptor
antagonists, appear very interesting for the pre-
vention of PONV. In clinical trials, aprepitant,
casopitant and rolapitant showed better results
when compared with ondansetron in patients
with high risk for PONYV, even if the reduction in
vomiting is more evident than the reduction of
nausea. Rolapitant, for the long half-life, could
represent the best choice in the future, especially
if it is mandatory to avoid vomiting [70, 76].

Other Complications
Postoperative Airway Compromise

Airway obstruction complicates ACSS with a
rate of 1.2+6.1 %. The situation can rapidly
worsen and require emergent reintubation. The
obstruction, mainly inspiratory, can cause a pul-
monary edema due to the development of a
markedly negative intrathoracic  pressure.
Fortunately, this kind of edema tends to resolve
rapidly with the resolution of the obstruction and
the oxygenation of the patient [77].

The obstruction is more frequently caused by
edema of pharinx, prevertebral tissues and larynx
and could eventually be worsened by direct
trauma during a difficult intubation. The develop-
ment of an hematoma in the wound or the involve-
ment of the recurrent laryngeal nerve, with vocal
fold palsy are less common. The obstructive
events are more frequent when surgery involves
more than 3 vertebral bodies or high cervical lev-
els (c2—c4), blood loss is >300 ml, surgery lasts
more than 5 h or is performed through a com-
bined anterior plus posterior approach. The inci-
dence is worsened in obese patients and when
OSA and other respiratory comorbidities are
present [78, 79]. These considerations could help
detect the cases that deserve a more cautious clin-
ical monitoring and management. Cases with
high risk of postoperative airway obstruction for
the characteristics of surgery, especially if other
patient-related factors are present, deserve the
admission in an intensive care unit (ICU), possi-
bly with the head elevated about 30°, like for an
intracranial postoperative [78]. Extubation must
be delayed for 24-36 h and performed only after
a fiberoptic inspection or a cuff leak test [80].

Dysphagia, Laryngeal Palsy
and Aspiration

Early dysphagia is more frequent after ACSS,
and is more common when a plate is used and in
the elderly [81], but it’s not so rare for posterior
approaches either. After 2 and 6 weeks from sur-
gery, dysphagia was present respectively in
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11 % and 8 % of PCSS cases and 61.5 % and
44 % of ACSS (p<0.0001). No difference
among the two surgical approaches was
observed after 12 weeks with rates of nearly
12 % [82]. Many different strategies have been
proposed in order to reduce the incidence and
the lasting of postoperative dysphagia, mostly
regarding surgical aspects such as choosing a
thinner plate and avoiding plate prominence,
limiting the duration of surgery, limiting retrac-
tion [83]. In the anesthesiological field, the
pressure or the ETT cuff was invoked in worsen-
ing an eventual nerve injury due to surgical
retraction. In a series of 900 patients who under-
went ACSS with plating, Apfelbaum observed a
significant reduction in the incidence of tempo-
rary vocal fold paresis from 6.4 to 1.7 %
(p=0.002), since the systematic adjustment of
the pressure of the ETT cuff after the position-
ing or repositioning of the surgical retractors
was adopted. There was no significant differ-
ence between the two groups of patients for the
rate of permanent palsies [84].

He supposed that the majority of the laryngeal
nerve injuries during ACSS could derive from an
asymmetric vocal fold compression. The ETT is
anchored distally from the cuff and proximally
from the tape; when trachea is retracted the tube
compress the ipsilateral vocal fold, with possible
compression on the endolaryngeal segment of the
nerve. The cuff deflation distally disengages the
ETT allowing the passive adjustment towards a
“neutral” position between the vocal folds, and
the release of compression over the ipsilateral
nerve.

Many of the factors causing dysphagia and
hoarseness are generally involved also in
another severe complication after CSS affect-
ing about 0.5 % of all procedures: the aspira-
tion pneumonia. However, even if the anterior
approach is more commonly associated with
risks of laryngeal nerves and esophagus injury,
and neck tissues swelling that could predispose
to swallowing disorders, unexpectantly aspira-
tion is more frequent after PCSS (about 1 % vs.
0.4 %). Other risk factors are weight loss,
fluid-electrolyte disorders, congestive heart
failure, neurological disorders respectively

C. Angelo etal.

with OR of 8.3, 6.2, 3.1 and 2.1. Moreover, it’s
more frequent in the elderly (>65 y.o.) and in
patients with comorbidities [85]. When aspira-
tion pneumonia occurs, the overall mortality
rate in CSS dramatically increases from the
basal 0.07-3.44 %.

Particularly in the revision cases of ACSS, sur-
geons might prefer a contralateral approach to avoid
scar and altered anatomy. For these patients, and
however in any patient with suspected laryngeal
disfunction, a preoperative otorhinolaryngologist
consultation is mandatory to prevent the dramatic
event of a bilateral laryngeal nerve damage. For
patients with monolateral laryngeal paresis surgery
must be performed ipsilateral to the preexisting
damage, in order to avoid acute airway obstruction
and/or severe swallowing impairment with pulmo-
nary complications [83].

Intracranial Complications

A rare complication is the development of an
intracranial hemorrage, possibly due to intraop-
erative and/or postoperative loss of cerebrospinal
fluid (CSF) with intracranial hypotension. These
rare complications could appear subtly. If they
develop during surgery, they can simulate a sim-
ple delayed emergence that could be ascribed to
persistent anesthetic effect or to cerebral edema
due to prolonged prone position. More often the
complication appears 10 or more hours postop-
eratively, with headache, nausea, vomiting;
sometimes other symptoms may appear such
somnolence, altered consciousness, dysarthria,
ataxia, and motor or visual deficits. In a recent
review all the eight described cases had intraop-
erative CSF leakage and postoperative drains
with moderate serosanguinous output. Even if the
relationship with the complication is not statisti-
cally significant it appears very suggestive [86].
This kind of hematomas are more often in the
posterior fossa, but sometimes can develop in the
supratentorial region [87]. Another rare cause of
intracranial hematoma during spine surgery is the
possible penetration in the skull of a pin when a
Mayfield clamp is adopted for the positioning
(Fig. 5.5) [88].
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Fig.5.5 A Mayfield clamp and its positioning
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Introduction

The Percutaneous Laser Disc Decompression/
Denervation (PLDD) is a treatment option that
has been known for several years. There has,
however, been a controversial discussion about
its indications and benefits.

The selection of the laser system, the laser set-
tings and parameters, inclusion and exclusion cri-
teria, as well as the effective temperature and the
effective temperature distribution in the tissue,
have an important influence on the laser radiation
in the disc material.

These questions have been raised by several
studies in the literature since the introduction of
PLDD in 1986.

The aim of this article is to describe the basis,
indications, selection of parameters and prob-
lems based on our own experience. Furthermore
we aim to describe the historical problems which
lead to a rather critical view of the PLDD in the
literature. In our view these problems have been
overcome, and are no longer valid in the present
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use of PLDD. Dres. Sommer, Schneiderhan et al.
have been employing this method since 2001
with great success, and since 2004 for cervical
pathologies. Klein has been working on the
development and use of laser systems in spine
surgery since 1995.

PLDD

PLDD was first described in 1987 by Choy
Ascher and colleagues. They were exploring
alternative therapies for the chemonucleolysis,
which was causing significant side effects [1].

They used a Nd: YAG Laser with a wave length
of 1064 nm. The 600 pm laser probe was intro-
duced through a 14G cannula.

The Nd: YAG - often wrongly only referred to
as YAG Laser -was the best available model in
medical application at that time. The probe could
be introduced via fiber optic devices. Furthermore
the Nd Yag laser showed the best features for tis-
sue penetration.

Later, several alternative devices were tested
(Excimer, Er: YAG, Ho: YAG, Nd: YAG frequency
doubled, CO, etc, [2-7]). The aim of these exper-
iments was to improve the tissue vaporization
and to decrease thermal impairment.

Er:YAG and CO, play no role in the clinical
application, because no fiber system exists for
these wavelengths.
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Tissue Interaction

The penetration depth is an important parameter
for the interaction of light and tissue. It depends
solely on the wavelength and the optical proper-
ties of the tissue itself. All other laser parameters
have no influence on the penetration depth.

Based on the assumption that human disc
material contains >70 % of water [8], one could
employ the absorption array of water in order to
describe basic tissue interactions.

Looking at the most widely used laser systems
for PLDD (Nd:YAG 1064 nm) Ho:YAG (2100
nm) and diode laser (980 nm) tissue interactions
are significantly different (Fig. 6.1).

Wavelength (nm) Lasertype |o(cm-1) |L (cm)
980 Diode 0.473 2.11
1064 Nd:YAG 0.144 6.94
2120 Ho:YAG 36.40 0.028

Absorption coefficient of water for the different wave-
length, calculated for Ho:YAG [12], Diode and
Nd:YAG [13]

The penetration depth given in the table is cal-
culated for water only and is different in the disc
material conditionally due to scattering etc.
Gangi et al. evaluated the tissue penetration depth
for Nd:YAG of nearly 7 mm [14]. Ho: YAG Laser
shows a relatively lower penetration depth com-
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pared to the Diode Laser, followed by the
Nd:YAG Laser.

In addition to the Laser and the tissue type, one
has to take more parameters into account in order
to understand the tissue interactions (Fig. 6.2).

Laser power, pulse energy, pulse duration, fiber
diameter, energy and power density and the dura-
tion of the application etc., are important parame-
ters showing a significant influence on the processes
taking place in the target tissue [4, 9, 15-17].

Short, high energetic pulses with a high power
density lead to tissue disruption and ablation
effects. In contrast, longer laser pulses with lower
power densities lead to thermal effects.

Ho:YAG Laser have the highest power density
and show ablative reactions and lower thermal
effects [6]. The disadvantage of the short pulses
is the cavitation wave, with possible negative
effects on the adjacent tissue [14, 18].

Nd:YAG have a deeper tissue penetration and
longer pulse duration, therefore the thermal
effects are greater in the tissue [6, 19].

Experiments by Laser und Medizintechnologie
GmbH Berlin show [20], that the tissue penetra-
tion of the diode laser (980 nm) when compared
to the Nd: YAG Laser, is reduced by half. The rea-
son for this is mainly the high water content of
the disc material. But the ablation effects of the
Ho:YAG are not attained at this power density.
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Fig. 6.1 Absorption coefficient of water for the different wavelength according to [9] (Additional Refs. [10, 11])
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Fig. 6.3 Temperature profile in Agar-Agar for demonstration of the tissue penetration

One has to take into account that carbonization of
the fiber tip leads to changed optical properties.
Schlangmann et al. examined [21] the carbonization
effect of the Nd: YAG Laser. If the fiber tip is carbon-
ized, a direct vaporization of tissue is possible.

Discussions with those who employ it already
showed that the hot tip technique is often used by
directing the fiber tip to a wooden spatula in order
to carbonize the fiber tip.

This technique should avoid a too high pene-
tration depth and possible damage to vascular tis-
sue because of a high absorption of hemoglobin
[19, 20].

It is not recommended because it changes the
array of the laser probe to an unpredictable amount.

On the contrary a 980 nm Diode laser with a
lower tissue penetration should be selected.

The following figures show the thermal prop-
erties of a Diode laser in a thin Agar-Agar layer
demonstrating the tissue penetration and the heat
conduction (Fig. 6.3).

The fibre is symbolized. The cross shows the
measuring line of the temperature profile in the
diagram.

Parameter: A=980 nm, P=7.5 W, P,,=750
ms, Pyz=750 ms
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Mode of Action of the PLDD
Vaporisation

Based on the described tissue interaction between
laser radiation and the tissue, one can assume that
the tissue will be vaporized leading to a volume
reduction [1, 8, 21-24].

The quantitative evaluation of this vaporiza-
tion effect was done as early as 1995/1996.
Buchelt et al. [22] describe a nearly linear rela-
tionship between resection rate and applied
energy (for the Ho:YAG Lasers), but no signifi-
cant increase in the ablation rate and maximal
power between 10 and 32 W.

Similar results are found by Schlangmann et al.
according to ablation rate and applied power [21].
Furthermore, the Ho: YAG and Nd: YAG lasers were
compared. The ablation rate was 200 mg (1064 nm,
Pox=20 W, P, =15, Pyz=5 s, E=1500J).

With the Ho:YAG Laser, Min et al. [8] exam-
ined an ablation rate of 1.89 g following the
application of 20,0001J.

Shrinkage

In addition to the vaporization effects, tissue shrink-
age of collagen takes place by thermal exposure.

In 1995 Siebert in [25], Choy and Altman in
[23] and 1999 Hellinger in [26] were able to dem-
onstrate this effect. Several other researchers con-
firmed tissue shrinkage of disc material [27-29].
Wang et al. showed that a temperature of
75 °C is sufficient, to result in collagen shrinkage.
A higher temperature showed no additional effects.

The Diode- and the Nd: YAG Laser seem to be
superior to the Ho: YAG, because these two sys-
tems show a deeper thermal effect on the tissue
and an increased surface where these effects
show an influence.

Decompression

The two previously described effects, vaporiza-
tion and shrinkage of the collagen, lead to a
reduction of volume and a lowering of the intra-
discal pressure.
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Choy considered the disc to be a hydraulic
system in which small changes in volume could
lead to relatively big changes in the tissue pres-
sure [23].

Hellinger and Stern [30] describe the shrink-
ing effect to be as high as 14 %, employing a
Nd:YAG Laser.

According to the property of nucleus pulposus
to accumulate water the, shrinking of the disc tis-
sue could create a more permanent effect in rela-
tion to its vaporization, because it can be
expected, that in course of time the nucleus will
cumulate more volume [31].

It is generally accepted that the intradiscal
pressure plays an important role in the patho-
physiology of pain. During discographies radicu-
lar pain can be provoked by an injection of
contrast media and an increase of the intradiscal
pressure.

In addition to the elevation of the intradiscal
pressure and the provocation of pain a radiologi-
cal examination can be carried out. Discography
can be performed in the cervical spine as well as
in the rest of the spinal column [7].

Pathological discs show the so-called dico-
genic pain, at relatively low intradiscal pressures.
(discpain), healthy discs, tolerate higher intradis-
cal pressures [32]. These conclusions are only
correct when the annulus fibrosus is intact. All
degenerative changes that lead to a sequestrated
disc herniation or a disrupted annulus fibrosus
are a contraindication for PLDD.

Denervation

The observation that an increase of the
intradiscal pressure can lead to pain,
demonstrates that it is possible that the disc in
itself can be painful.

Several studies show a neuronal innervation of
the disc tissue. Inman et al. were the first to show
this in 1947 [33]. These observations are not gen-
erally accepted. In the subsequent years several
studies were able to demonstrate an innervation
of the disc tissue. Most of these studies were per-
formed on lumbar disc material [32, 34], however
a few studies could show mechanoreceptors and
neuronal tissue in cervical disc material [7, 35].



6 Cervical PLDD (Percutaneous Laser Discectomy). Ten Years Experience 77

Annular fissures and micro fractures may lead
to a deep penetration of the nerve tissue into the
degenerated annulus fibrosus, resulting in
increased pain during movements in the motion
segment [36].

The laser could lead to a denervation of the disc
material and therefore a decreased pain perception.

It is therefore recommended that the laser
fiber should not be placed into the center of the
disc during a lumbar laser treatment. The probe
should be placed at the border of the annulus
fibrosus [37, 38].

Because of the different, more anterolateral
approach in the treatment of cervical disc pathol-
ogies, the posterior part of the disc can be easily
reached, but it is recommended avoiding a poste-
rior placement of the probe, in order to prevent
damage of neuronal structures. Due to the tissue
penetration of the laser radiation, a lesion of neu-
ronal structures cannot be excluded.

Anti Inflammatory Effects

In addition to the innervation of degenerated disc
material, biochemical processes like the induc-
tion of inflammatory reactions in the disc mate-
rial can lead to the generation of pain.

Phospholipase A2, Interleukin-1 and nitrogen
oxides are found in degenerated disc material.
This could lead to the synthesis of the neuropep-
tide Substance P and to the induction of the pain
cascade.

During the laser application a denaturation of
these cytokines is assumed [39].

Summary of Action

As opposed to alternative treatment options for disco-
genic pain like the IDET, PLDD shows more modes
of action. PLDD acts not solely anti-inflammatory
and via a denervation but results in a shrinkage and
volume reduction of the disc material. These effects
explain the rapid improvement of pain syndromes
that most of the patients describe after PLDD.

Selection of Parameters for Cervical
Treatment

In the literature there is a great variety of recom-
mended parameters. Especially the applied energy
and the maximal power are inhomogenously
reported. Furthermore some peers do not give any
information about the selected parameters at all.

Looking especially at cervical laser applica-
tions one notices that Hellinger et al. performed
as early as 1990 first laser applications for cervi-
cal pain syndromes [40] However the cervical
treatment amounts to only 7-8 % of all laser
applications in the human spine.

In the following years there is no marked
increase in the amount of cervical treatments.
Choy and Hellinger et al. [41] repost more than
22,615 PLDD treatments of which 1641 were per-
formed on the cervical spine. These numbers refer
to their own patients and to a literature review up
to 2009. Our own data confirm the previously
reported amount of 8 % of cervical treatments.

In the following table some parameters are
given for laser treatment in the cervical spine

Laser P (W) Puls,, (s) Puls, (s) P (W) Eoax J) Year
Nd:YAG 10 1 3 2.5 300 [42] 2004
Nd:YAG 10-12 0.2-1.0 0.5-1.7 2944 300-800 [712011
Nd:YAG 10 0.3 1.7 1.5 120-500 [43] 2001
Nd:YAG 15-20 0.3 - - 350-450 [26] 1999
Nd:YAG 5/10/20 - - - 400-700 [44]* 2004
810 nm 15 1.0 2.0 5 300-1000 [45] 2007
Ho:YAG 12 0.5 J/12 Hz + pause 6 600-800 [46] 2001
Ho:YAG 2.5 0.5J/5Hz 2.5 400 [25] 1995
KTP532 12 0.2 0.5 34 600-800 [46] 2001
980 nm 7.5 0.7 1.0 3.1 180-200 Authors

In-vitro temperature study
P, is calculated by the pulse power and the on/off relation
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When comparing lumbar laser treatments with
cervical laser applications, it becomes evident
that for the lumbar treatment, significantly higher
parameters were chosen.

Siebert et al. report [47] in in-vitro experi-
ments thermal consequences of the Nd:YAG
Lasers employing a power up to 40 W, a pulse
duration of 1 s and a total applied power of
1000 J. Min et al. present data of PLDD treat-
ments with Ho:YAG 14 W and a total applied
power of up to 20,000 J.

In the early years of lumbar laser application,
the parameters differed widely. Due to a vast
amount of subsequent in-vivo und in-vitro exper-
iments parameters could be optimized [21, 22,
27, 38, 39, 44, 47-50].

If devices are used which show a longer pulse
duration (980 nm Diode laser, Nd:YAG Laser),
one could use different pulse duration and pulse
pause as well as the pulse power. These observa-
tions lead to a continuous decrease in the laser
power. At present the recommended parameters
for lumbar and cervical laser applications are
nearly similar. The only exception is that the
applied total power is significantly lower
because the total volume of a cervical disc is
significantly lower. Therefore 35-50 % of the
recommended total power of lumbar applica-
tions is employed for cervical treatments [14,
26,43, 51, 52].

Summarizing the literature it becomes evident
that due to the vast amount of possible parame-
ters and the biological properties of the disc
material itself a highly complex situation results
which makes it impossible to give standard rec-
ommendations for the PLDD treatment.

The total applied power is described as the pri-
mary parameter in several publications, but it is
very important to describe how the total power is
archived.

A high pulse power applied for a short amount
of time result in the same total power as low pulse
power applied for a longer period of time. The
resulting tissue interaction however is most likely
to be different [31].

In retrospect, however, there is a standardized
recommendation of parameters with a certain
amount of variation.
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Looking at the wavelength the Nd:YAG
Laser seems to be superior to the other systems
, as well as the Diode laser, which was intro-
duced for clinical applications in the human
spine in 1990. A literature review by Chambers
et al. [53] in 1995 reveals that 231 patients 90 %
were treated by Nd:YAG and the rest of 23
patients were treated with Ho:YAG Laser
devices.

Some surgeons still use Ho:YAG Laser sys-
tems. Yet looking at the physical parameters, it
becomes, in our opinion, self -evident to employ
Nd:YAG or diode laser systems.

The primary reason for the Ho:YAG Lasers
was the attempt to increase the ablation rate by
vaporization of tissue without significant thermal
changes in the adjacent tissue. But it was demon-
strated that a significant increase of the tempera-
ture in some areas is present when employing a
Ho:YAG Laser system [54].

Later examinations revealed that a broad
thermal effect plays an important role in the
treatment of degenerative disc disease (shrink-
ing, anti-inflammatory effects and denerva-
tion). Therefore it is recommended to choose a
wavelength closer to the near infrared spec-
trum in order to archive a broader thermal
effect.

It is clear that the Ho:YAG shows thermal
effects. However, these effects occur as high tem-
peratures at the distal end of the laser fiber with-
out significant thermal penetration into the tissue.
Because of the better thermal penetration of
lasers, having a wavelength between 980 and
1064 nm, a larger area of disc tissue can be
treated.

Reviewing the literature there is no publica-
tion concerning the use of the diode laser
980 nm for cervical pathologies. General
observations for the intradiscal use of the
diode laser can be found by the LMTB Berlin
1995 [20], 1998 Paul and Hellinger in [55] and
Gronemeyer, Gervagez et al. since 2000 in
[52, 56].

Our group Schneiderhan, Sommer et al. have
been employing the 980 nm Laser since 2002 for
the PLDD lumbar pathologies, and since 2004
for the cervical treatment. We had reliably good
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results in 3978 cases, of which 330 procedures
were on the cervical spine.

Necessary Equipment

In order to perform the PLDD in a low complica-
tion setting the usual sterile drapes and an appro-
priate procedure room are necessary. Furthermore,
the presence of an anaesthesiologist is mandatory
for the cervical PLDD treatment.

Listed is the necessary equipment for the cer-
vical PLDD

* Radiology equipment (Fluroscopy or CT
scanner) (alternatively MRI [28, 57] if MRI
compatible cannulas are available and the
laser fiber is long enough)

» Basic drapes for a sterile work space

» Contrast media for intradiscal application

e Optional single-shot antibiotic treatment
(Cephalosporin)

e Diode laser 980 nm, 10 W maximal power
(Fig. 6.4)

» Single use laser set — cannula 21G and a laser
fiber 360 pm as well as a fixation device. This
device is especially important to prevent the
laser fiber from sliding back into the cannula
where it could lead to a marked increase of
the temperature in the cannula with a possi-
ble detrimental effect on the adjacent tissue
(Fig. 6.5).

Fig. 6.4 Diode laser 980 nm
and laser fiber set, Radimed
GmbH

Aim, Indications and
Contraindications for Cervical PLDD

Aim

Aim of the PLLD treatment is to partially or fully
resolve symptoms of degenerative disc disease
by employing the above mentioned effects.
Target symptoms are discogenic cervical, cer-
vicocephal and radiating pain syndromes. A reso-
lution of sensory or motor deficit can be archived
by the decompression effect of the PLDD.
Inclusion criteria for such a treatment were ini-
tiated by Botsford et al. [58-60] in 1993/1995, by
revealing data from the radiological examinations
especially the CT discography. Grasshoff et al.
evaluated in 2001 the correlation between discog-
raphy and treatment results of the PLDD [61].

Indication

In order to increase the quality of the treatment
results, inclusion criteria play an important role.
It is recommended that a course of conservative
treatment is undertaken, and that the result be
unacceptable. In order to archive positive results
it is mandatory that the cervical disc can be
entered by the cannula. The minimal disc height
should be at least 4 mm. Osteophytes should not
be present at the ventral border of the disc space.
Furthermore calcification, sclerosis of the annu-
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Fig. 6.5 Instruments
from left to right — laser
fiber, fixation device,
cannula 21G

lus fibrosis or the posterior longitudinal ligament
should be excluded by a CT scan examination.

A closed annular ring is mandatory for the
laser treatment. This is a dislocation grade of III
according to Grasshoff et al. [61].

Additional information about the hydration
grade of the cervical disc (Black-Disc-Sign) can
be archived by MRI examinations. Furthermore,
the dislocation grade of the disc can be evaluated
non-invasively.

Dislocation grade Description

Protrusion inside of the
annulus fibrosus

Dislocation grade I

Dislocation grade II Protrusion up to the

outer area of the annulus

Dislocation grade 111 Covered herniation

Dislocation grade IV Contained herniation

Dislocation grade V Sequestrated herniation

Dislocation grade of the disc, according to Kremer et al. [73]

Contraindications

Main contraindications for the PLDD are a dislo-
cation grade of the disc of more than grade III, or
a free sequestrated disc herniation. Furthermore,
bony spinal canals stenosis cannot be treated by
the PLDD.

It is clear that systemic contraindications for
surgical treatments like systemic infections,
untreated blood clotting diseases are valid for the
PLDD. Treatments with anticoagulants limit the
treatment with the PLDD. A laser treatment is not
indicated after an open surgical intervention was

performed or when a spondylodiscitis is present.
Due to the fact that the decompression effect
occurs over time, patients showing a progressive
neurological deficit or a myelopathic deficit can-
not be treated sufficiently by PLDD.

Performance

Before the intervention, it is mandatory to
inform the patient and archive an informed con-
sent. On the day of the procedure the patient is
not allowed food or drink. Sometimes sedatives
are administered, as recommended by the
anesthesiologist.

Performing this procedure under local anes-
thesia is not recommended as experience shows
that a local anesthesia is not sufficiently effective
in the cervical area.

After close consultation with the anesthesiolo-
gist, and after establishing the overall physical
condition of the patient, intravenous anesthesia
or general anesthesia can be chosen. If necessary,
all techniques of airway protection can be
performed.

According to these precautions a rapid endo-
tracheal intubation is possible in the case of the
cervical vessels being accidentally punctured and
a hematoma developing. This kind of puncture is
unlikely, however, due to the limited movement
of the patient in this setting.

An optional single shot antibiotic prophylaxis
can be administered. We recommend a cephalo-
sporin 20 min prior to the procedure.

The patient is positioned on his or her back;
CT scan or the fluoroscopic device is positioned.
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Following the usual antiseptic preparations,
the pathological level is identified under radio-
logical guidance.

The sternocleidomastoid muscle is then palpated
and laterally advanced in order to move the underly-
ing vessels moderately lateral to the cervical spine.

The skin can then be punctured by the intro-
ducing cannula and the cannula will be advanced
in an 30° angle medially under radiological guid-
ance (Fig. 6.6).

Repetitive radiological examinations CT scan/
Fluoroscopy secure the correct position of the
cannula.

When the anterior cervical ligament is
reached, the annulus fibrosus is perforated (loss
of resistance!); according to the selected target
area the cannula is positioned intradiscally (dor-
sal quadrant right, left or central).

After needle placement, the correct position is
evaluated radiologically by CT scan or fluroscopy
(ap and lateral view) Furthermore, a discography is
performed. With this procedure, the correct needle
placement can be documented and a sequestrated
disc herniation can be excluded. If an additional
level is to be treated, the puncture procedure has to
be performed identically (Figs. 6.7 and 6.8).

The 1-2 mm long laser fiber is introduced into
the cannula after the removal of the cannula man-

drain. The PLDD can be performed without
interruption employing the above mentioned
parameters. If necessary, an additional level can
be treated during the same procedure (Fig. 6.9).

After removal of the laser fiber, a local cepha-
losporin is intradiscally applied in order to mini-
mize the risk of an infection [62—-64]. Then the
cannula can be removed and a tape is applied.

Mobilization of the patient is decided accord-
ing to the recommendation of the anesthesiolo-
gist — usually 2 h following the procedure.

Postoperative analgesia is recommended by
administration of non-steroidal analgesics for 5
days. Until the patient is fully able to carry out
household or professional tasks, a soft collar is
recommended, in order to release muscular ten-
sion and to moderately immobilize the cervical
spine. Detonizing physiotherapy is recommended
14 days after surgery.

Complications

Theoretically a direct puncture of the organs in
the cervical region is possible (e.g. carotid artery,
jugular vein, esophagus, thyroid, larynx, sub-
mandibular gland, symphatic nerve, recurrent
laryngeal nerve). The complication varies in the

Fig. 6.6 (a) Cannula placement (two levels) and (b) removal of the mandarin (right)



82

R.Klein and F. Sommer

Fig. 6.8 Needle position after
placement of a second cannula

literature. However it is significantly lower than
following a microsurgical approach. Choy et al.
in [65] report a mean complication rate of 1 % in
9 years.

Gangi et al. report [14] a complication rate of
0.6-1 %.

Hellinger provides a good overview in [66]
reporting a complication rate of 1 % and an infec-
tion rate of 0.5 %.

Recurrent symptoms are reported at a very
low rate by Choy and Hellinger et al. in [41] at
about. 5 %.

Thermically Induced Complications

The terminally induced alterations of the disc
material and its possible complications are a
widely discussed.

Siebert et al. [47] conclude on the basis of
thermographical examinations that the use of a
Nd:YAG laser with the parameters of 2040 W,
single pulse 1 s, pulse after and before 1 s each
laser application and a total dose of 600-1000 J
lead to no dangerous temperature increases at the
end plate of the vertebrae.
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Fig. 6.9 (a) Introduction and (b) fixation of the laser fiber

Schmolke et al. describe the cervical PLDD in
[44] as an effective treatment option which
should only be carried out by experienced sur-
geons because of its possible deleterious effects
on the longitudinal posterior ligament.

Turgut et al. describe in [67] possible cartilage
lesions due to the applied heat. Koboyashi et al.
report thermally induced damage to the nerve
root [69].

In order to avoid these heat lesions at the end
plates, one has to carefully select the appropriate
position of the laser fiber with sufficient distance
from them [68, 69]. Furthermore, the fiber tip
must be mechanically competent and polished in
order to exclude unpredictable scattering of the
laser beam.

Discitis
Another typical complication is the thermally
induced spondylodiscitis. It can be assumed that
there is a correlation between laser parameters
like a high pulse rate or the applied [31].

In the studies that mention this complication,
a relatively high total energy was applied (e.g.
[67, 70]).

However Gangi et al. report in 2009 two cases
of aseptic spondylodiscitis with a low applied
total amount of energy [14].

When one reviews the literature, however, it
becomes clear that this typical complication
becomes less frequent over time. In the history of
PLDD, the total amount of applied energy
diminishes over time. The recent applied energy
and the relatively low Parameters do not seem
induce this kind of complication. Another impor-
tant parameter is the optical quality of the target
area. If a high degeneration grad is present in the
disc space and the water content is low, it is strongly
recommended [24] reducing the maximal pulse
power, in order to avoid carbonization of the laser
fiber tip which could lead to a markedly worsened
temperature distribution in the disc space.

Damage of the Endplates

Thermal lesions on the endplates are a fre-
quently reported and discussed complication
[66, 67].

In vitro studies results however show that high
temperatures which are a prerequisite for such
lesions are avoided with the recently applied
parameters in cervical PLDD.

It seems that only a malposition of the fiber tip
leading to a direct beam onto the endplate can
induce such high temperatures at the endplates
and induce a lesion in connection with a high
applied total amount of energy.
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This complication is reported primarily in the
older studies and is less frequent in the recent
reports (see Turgut et al. [67]).

Infections

Theoretically, infectious complications can occur
in the approach area of the cervical spine [14, 71]
This complication is most likely to occur by acci-
dental puncture of the esophagus or through the
use of reprocessed fiber systems.

Hematoma

One has to differentiate between subcutaneous or
cutaneous hematomas and hematomas which
occur after puncture of the cervical vessels (e.g.
carotid artery, jugular vein ...) Subcutaneous and
cutaneous hematomas are usually self-limiting
and demand no further treatment. However,
puncture of one of the larger cervical vessels can
lead to a real emergency situation where airway
protection is the primary goal.

Some studies show relatively low complication
rates. These can be archived by the selection of
low laser parameters, strict antiseptic draping and
single use laser fibers. We observed the following
complication rate in our own patient group.

Cutaneous, subcutaneous hematoma 1.5 %
Hoarseness (<1 week) 2.3%
Hoarseness ( permanent) 0.2 %

No infections were observed
No thermal induced discitis

Results, Follow Up

In addition to a neurological/orthopedic exami-
nation, we examine the pain level according to
the Visual Analog Score (VAS) as well as a modi-
fied Prolo Scale.

The Prolo Scale validates the patient satisfac-
tion according to functional and economic
parameters.

Our examination intervals are directly before
the procedure, 1 week following surgery, 3 months
following surgery and 1 year after the procedure.
The 1 year follow up is usually performed via a
standardized telephone interview.

Prolo scale

Functional rating scale

Pain stronger than
before surgery

R.Klein and F. Sommer

Economic rating scale
Invalid

2 | Pain as before surgery No gainful occupation
3 | Low level of daily pain | Working but not at
premorbid level
4 | No pain, but episodic Working at previous
pain level with limitation
5 | Complete recovery Working without any

restrictions

Economic and functional rating scale and results

Economicstatus
El1 | Complete invalid

E2 | No gainful occupation including ability to do
housework or continue retirement activities

E3 | Able to work but not at previous occupation

E4 | Working at previous occupation part time or
limited status

E5 | Able to work at previous occupation with no
restrictions of any kind

Functional status
F1 | Total incapacity (or worse than before operation)
F2 | Mild-to-moderate level of cervical pain and/or

brachialgia (or pain same as before operation
but able to perform all daily tasks of living)
F3 | Low level of pain and able to perform all
activities except sports
F4 | No pain but patient has had one or more
recurrences of cervical pain or brachialgia

F5 | Complete recovery, no recurrent episodes of
cervical pain, able to perform all previous sport
activities

Patient satisfaction according to Prolo scale

9-10 Points very good result

7-8 Points good result
5-6 Points satisfactory result
2-4 Points bad result

Patient satisfaction/N=330

Prolo Prolo Prolo

functional | economic | complete | VAS
Before operation | 2 2.4 44 5.9
1 Week afterop | — - - 32
3 Month after 3.8 4.0 7.8 1.9
12 Month after | 4.4 4.1 8.5 2.1

Mean results at the 1 year follow up
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Due to the successful decompression (330
procedures) of the nerve root following cervical
PLLD, 78 % of the patients reported a complete
recovery of motor weakness, 18 % of patients
showed an incomplete recovery. Sensory deficits
recovered fully in 66 % and partially in 18 % of
our patients.

Because of persistent symptoms, five patients
underwent microsurgery, four patients reported a
secondary deterioration after an initial improve-
ment of symptoms. In these patients microsurgi-
cal treatment was performed when a sequestrated
disc was present.

If the indications and patient selection is per-
formed carefully the results are good. We have
observed a recovery of the pain syndromes as
well as the resolution of neurological deficits.

Summary

Taking into account that the PLDD is not gener-
ally accepted in the treatment of spinal patholo-
gies, several positive studies reveal favorable
results in the treatment of discogenic pain syn-
dromes [46, 55, 72]. Therefore the PLDD is,
according to the literature, and due to our own
results, a treatment option in these patients.

The history, patient selection, indication, as
well as the selection of the laser system and the
parameters, plays an important role.

Because of the above mentioned physical
properties, the 980 nm diode laser seems to the
first choice of device.

Complication rate is reported to be as low as
<l %. These findings comply with our own
experience.
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Introduction

The first evidence of spinal surgery was found in
Egyptian mummies 2900 BC [1]. In the antiquity,
about 2500 years later, Hippocrates who is con-
sidered “The father of spine surgery” collected a
valuable heritage of knowledge and methodology
about the human body. He was the first who
described sciatica and low-back pain. He also
proposed a traction procedure and invented
devices based on his fundamental principle [2].
Concerning the cervical spine, Aulus Celsus was
the first who noted death following injury of the
cervical spinal cord [3]. Paulus of Aegina per-
formed the first operative repair of injured spinal
cord by removing bony fragments which irritated
the spinal cord and caused consecutive paralysis
in the seventh century [3]. It took spinal surgery
about 1900 years until an endoscope was applied.
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In 1983, the first report of an examination tech-
nique for intervertebral disc space after nucleot-
omy via endoscopy/arthroscopy was described
by Frost and Hausmann [4]. Since then new sur-
gical technology and techniques for minimally
invasive approaches have revolutionized the work
of surgeons of all subspecialties. Procedures such
as laparoscopic cholecystectomy and orthopedic
arthroscopy have proven to decrease surgically
related morbidity, shorten postoperative hospital
time and improve clinical outcomes [5-7]. In spi-
nal surgery, morbidity is associated with iatro-
genic muscle and soft tissue injury due to
approach and exposure of the surgical field.
Particularly in lumbar spine surgery, the standard
open approach leads to iatrogenic injury of the
paraspinal muscles which might result in
decreased muscle strength and muscle atrophy
after extensive muscle retraction [8, 9].
Biomechanical studies have investigated the
function of the posterior column and its impor-
tance in maintaining lumbar spinal stability
[10, 11]. Serial tube dilators and retractors were
designed to split the back muscle gently and thus
made to minimize retraction and disruption of the
paraspinal muscular integrity. Further, other stud-
ies demonstrated that the postoperative recovery
of CK and CRP levels occurred within 1 week
and that the intensity of low back pain was mild
[12, 13]. Mayer et al. studied the postoperative
muscle architecture on CT scan and its relevance
for failed-back syndrome [8]. They found that the
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integrity of paraspinal muscles might be of
utmost importance for the postoperative result. A
tubular retraction system provides direct and
focal access to the diseased anatomy via a less
invasive approach [14, 15]. Surgery can be done
by using either an endoscope or using a micro-
scope for visualization. The microendoscopic
technique for interlaminar fenestration is consid-
ered safe and effective treatment of degenerative
lumbar spine diseases and makes this to be seen
as an option along with the traditional technique
for every spine surgeon [16].

Based on good clinical and experimental
results made with the endoscopic technique in
lumbar spine surgery, the next step was the appli-
cation of the microendoscopic technique in cervi-
cal spine pathologies. In this chapter, the authors
will give a brief review on the development of
endoscopy, its application in spinal surgery and
different surgical anterior and posterior endo-
scopic surgical technique to the cervical spine.

Endoscopy
Development of the Endoscope

In 1585, anatomist Julius Aranzi used closed
tubes with mirrors to reflect ambient light into the
nasal cavity [17]. In 1806, Bozzini created an
instrument he named the “Lichtleiter” which was
illuminated by candlelight which reflected by an
angled mirror into cavities such as of the human
body including the urethra, rectum, and female
bladder [17, 18]. The evolution of endoscopy
went on, and it was Desormeaux who first use the
term “endoscopy” in 1853. However, the early
endoscopes emitted heat which frequently caused
thermal tissue damage and limited their clinical
use. In 1879, it was Nitze who developed a minite-
lescope with a watercooled platinum filament
lamp at the tip for internal illumination [19]. A
series of lenses inside a metal tube magnified the
image down the scope [18, 20, 21]. At this time,
the remaining problem was to find a sufficient and
inexpensive illumination with a cooling system. A
vacuum lamp was followed by an incandescent
light bulb. However, neuroendoscopy never

J.M.K. Oertel and B.W. Burkhardt

prevailed as a surgical technique at that time even
though numerous reports demonstrated its poten-
tial utility. In the 1950s, reasons for the decline of
neuroendoscopy were poor magnification and
poor illumination which made safe surgery often
difficult and unreliable. Further surgeons seemed
daunting because of high morbidity and mortality
rates [20, 22].

Harold Hopkins was physicist and contributed
major technical advancements in endoscopy to
rediscover neuroendoscopy. The fiberscope and
the rigid rod-lens endoscope were invented by
him. Karl Storz, the founder of Karl Storz
Company in Tuttlingen, Germany collaborated
with Hopkins and replaced the light source from
the tip of the endoscope to an external device
(Fig. 7.1) [23]. Today xenon light is used as a so
called “cold light” source. Another technical
development of Hopkins rigid rod-lens endo-
scope was the introduction of video cameras for
imaging. Direct observing was not necessary any
longer because of external monitors and new
lighting enabling surgeons to view images on a
screen. However, video cameras were very large
in the initial phase of endoscopy. Intraoperative
maneuvering was challenging, and sterilization
in routine practice was lacking. In 1969, charge-
coupled devices (CCDs) were invented. Here,
image data and light signal are converted into
electrical impulses and digital data. They are
equipped with miniature cameras which can be
attached to the endoscope and fully sterilized [18,
20, 21]. Because of CCDs, engineers were able to
develop smaller endoscopic systems with high
resolution image quality. Nowadays, image qual-
ity is available in high definition (HD) with
approximately 2,000,000 pixel which is superior
to SD in identifying anatomical structures [24].

For spinal endoscopy, a standard endoscopic
system consists of three components:

1. The endoscope which is usually a rod-lens
endoscope because of its superior optical
quality.

2. The HD-camera which allows excellent image
quality and a 16:9 wide screen video monitor.

3. A Xenon light source for cold light
transmission.
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Fig. 7.1 EasyGO-System
Tuttlingen, Germany). (a) Working trocar with insertion
for rod-lens (EasyGO®-system, Karl Storz Company,
Tuttlingen, Germany). (b) Rod-lens with light source

(Karl Storz Company,

Endoscopic spine surgery was first described
in 1983. Since then endoscopic visualization and
surgical equipment were continuously further
developed and redefined. Currently, endoscopy is
applied in cervical, thoracic and lumbar spine
surgery. First clinical results were reported on
lumbar discectomy procedures by Kambin in the
early 1990s [25-27]. In 1997, the first tubular
retractor system was introduced to the market by
Foley. The idea behind was the application of the
microsurgical technique for endoscopic lumbar
discectomy (MED) via minimally invasive
approach. The spine is accessed via serial dila-
tion of the back muscles. This leaves the support-
ing musculoligamentous structures intact which
are located in the midline [28]. The initially poor
image quality of telescopes and an associated flat
learning curve of the surgeon deterred many
spine surgeons from performing endoscopic
spine surgery. Further the lack of depth perception

cable and HD-camera. (¢) Tubular working trocar with
inserted endoscope. (d) 16:9 wide screen monitor and
cold light transmission Endoscopic Spinal Surgery

and 3D vision reduced the acceptance of the
MED technique. As a consequence of this, a new
generation, the so called METRx system, was
developed. It provided an increased working
space and better illumination of the surgical field.
Many surgeons didn’t want to miss minimally
invasive surgery and therefore performed proce-
dures by using the operating microscope or
loupes instead. Multiple studies have identified
that MED provides the same clinical outcome as
microdiscectomy with the advantages of less soft
tissue trauma and better aesthetical results [29—
31]. Tubular systems became popular soon not
only because of good clinical results. The indica-
tion for the use of tubular retraction systems in
lumbar spine is wide and very similar to conven-
tional open procedures [15, 32]. Itis not surprising
that microendoscopic techniques were applied to
treat pathologies which were traditionally oper-
ated on in microsurgical technique.
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Anterior and Posterior Approaches
and Techniques

Since the introduction of the endoscope to spinal
surgery, new endoscopic surgical techniques
have been constantly developed. If we look at the
cervical spine anterior and posterior approaches
have to be subclassified. Further if we talk about
endoscopic surgery we have to differentiate these
techniques into fullendoscopic and endoscopic
assisted surgery. The term fullendoscopic refers
to surgical techniques on what the visualization
of the surgical field is performed by an endoscope
at all time of the tissue manipulation only. The
term of endoscopic assisted refers to a technique
on what the majority of the procedures is per-
formed without the visualization of the endo-
scope. The endoscope for example is used
sequentially during the procedure to insect a part
of the surgical field or to manipulate under endo-
scopic visualization partially.

In the following session the authors will give a
brief review on the common fullendoscopic tech-
niques which are applied anteriorly and posteri-
orly to the cervical spine.

* Cervical Microendoscopic Discectomy and
Fusion

e Anterior Percutaneous Endoscopic Cervical
Discectomy

* Endoscopic Posterior Cervical
Laminoforaminotomy

* Microendoscopic Cervical Laminoplasty and
Laminectomy

Other techniques like endoscopic assisted
transoral odontoidectomy, endoscopic transnasal
resection of the odontoid or endoscopic posterior
fixation are excluded.

Cervical Microendoscopic Discectomy
and Fusion

Anterior cervical discectomy and fusion (ACDF)
was first described in the 1950s. Since then it
became the standard treatment for degenerative
cervical disc disease [33-35]. However, ACDF is
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associated with certain disadvantages such as
donor side morbidity in case of bone graft harvest-
ing at iliac crest, graft dislocation, graft subsid-
ence, nonfusion with consecutive pseudarthrosis,
esophageal injury, dysphagia, recurrent laryngeal
nerve palsy, etc. [36, 37]. Anterior cervical discec-
tomy without fusion (ACD) offers good clinical
results but has a higher risk of postoperative seg-
mental kyphosis and postoperative axial pain [38].
In the past decades a variety of different interverte-
bral implants have been developed to prevent
autologous bone harvesting and donor side mor-
bidity. Further minimally invasive techniques were
developed to reduce tissue trauma while approach-
ing the spine. It has been proved that minimally
invasive techniques for approaches to spinal
pathologies preserve healthy tissue and reduce sur-
gical associated morbidity, shorten operative time,
decreased complication rates, reduces hospital
length of stay, cause less postoperative use of nar-
cotics, enable faster patient recovery and offer
lower costs [26, 39]. Depending on the material,
minimally invasive techniques can be limited to
certain pathologies and indications. The percuta-
neous endoscopic cervical discectomy as an alter-
native to ACD is considered to be indicated in
cervical disc herniations which have to be soft and
contained or noncontained but without sequestra-
tion and contained by the posterior ligament [40,
41]. Cervical microendoscopic discectomy and
fusion (CMEDF) is an alternative technique for
ACDF that reduces the surgical morbidity of con-
ventional surgery but without limited indications
for treatment of cervical degenerative pathologies.
This chapter will deliver an impression for the
endoscopic technique and equipment that is neces-
sary to perform CMEDF and gives a short review
about clinical results.

Indications
The CMEDF approach in indicated in the follow-
ing cervical pathologies and situations [42—44]:

* Central and lateral cervical disc herniations or
osteophytes associated with neck injury

* Discogenic radiculopathy

* Discogenic myelopathy

* Spondylotic myelopathy
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* Discogenic myeloradiculopathy

* Axial neck pain, lost cervical lordosis, reduced
disc space height

e Magnetic resonance image (MRI), computed
tomographic (CT) scan or postmyelogram CT-
scan that is positive for spinal cord or verve
root compressing pathologies consistent with
dermatome of clinical symptoms

* Failed improvement of symptoms after con-
servative treatment for 12 weeks

e Surgery can be performed from mono- to
trisegmental pathologies that involves the lev-
els C3-4, C4-5, C5-6, and C6-7

Contraindications

e Compressive pathology located behind the
vertebral body (OPLL)
» Severe spinal canal stenosis

Surgical Equipment for CMEDF
The following surgical equipment and instru-
ments are necessary to perform CMEDF:

e Tubular dilators and tubular retractor system
(e.g. METRx, Sofamor Danek, Memphis, USA)

* Video digital endoscopy unit with a camera

e Different endoscopes (e.g. 0°-optic and
30°-optic)

* Ordinary endoscopic spine instruments

* 5-mm osteotome

* Cage (e.g. Polyetheretherketone (PEEK))

* Fluoroscopy (C-arm)

Surgical Technique

The CMEDF procedure is performed under
general anesthesia with orotracheal intubation.
Occasionally the procedure can be performed
under local anesthesia in younger patients.
Preoperative antibiotics are admitted and dexa-
methasone might be administered to minimize
airway and esophageal edema. The patient is
positioned supine with the neck slightly
extended. The head might be rigidly affixed via
pins in a Mayfield holder. The shoulders are
gently tapped down to enhance visualization of
the lower cervical spine with intraoperative lat-
eral fluoroscopy. The segment(s) to be operated
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on can be identified by intraoperative C-arm
fluoroscopy. In case of a two- or three-level
procedure, a small (18—20 mm) transverse skin
incision is recommended to be place at the mid-
point of the operative distance. The prevertebral
anatomical structures have the characteristics
to be movable. Skin incision has to be made
deep to the platysma before subplatysmal struc-
tures can be dissected by index and the middle
finger. The larynx is pushed toward the oppo-
site side with the index and middle fingers
while muscle and the carotid was held laterally.
Next fingers were slipped inside towards the
front of the vertebral body until the anterior
cervical spine and edge of the disc is palpated.
Optional an artery forceps is placed through the
skin incision between both fingers with its blunt
tip kept at the vertebral leading edge by creat-
ing an access path. Next step the endoscopic
tubular dilators were introduced sequentially
under fluoroscopic guidance between the
carotid artery and the esophagus. A working
trocar with an outer diameter of about
18-20 mm is introduced at last and fixed to a
mechanical flexible holding arm which is
attached to the operating table. After confirm-
ing the correct level via lateral C-arm-
fluoroscopy the dilators are removed and
endoscope system of choice is installed. The
anulus fibrosus of the disc is incised by using a
microknife before the nucleus pulposus is
removed. Osteopytes can be removed by
Kerisson punch or diamond drill. Continuous
irrigation with saline solution is recommended
to remove remaining fragment and to prevent
thermal nerve damage in case of drilling. An
arterial or any kind of source of bleeding from
paraspinal muscular can be controlled by bipo-
lare forceps. Micrograsper, microforcep, dis-
sectors and small curettes are used to remove
the rudiment of the disc of the vertebral body.
Special curettes are available to dissect the
remnant cartilage endplates and enlarge the
intervertebral space. Since distraction screws
are not placed manual cervical distraction is
performed to widen the interbody space by
pushing up the head gently and pulling down
the arms at the same time. Another technique
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for distraction is placing a 5 mm osteotome in ¢ Significant decrease in arm- and neck pain on
the disc followed by its twisting. A cage of visual analog scale (VAS)
choice is placed under fluoroscopic guidance < Significant improvement concerning Japanese

and optional filled with bone graft substitutes. Orthopaedic Association (JOA) score
After removal of the tubular retractor, the sub- ¢ Significant reduction in postoperative analge-
cutaneous tissue is closed in standard fashion sic doses, and length of hospital stay

with a skin adhesive and steristrips the place- ¢ Low rate of laryngopharyngeal complications
ment of a suctions drain is optional (Fig. 7.2).

Advantages of CMEDF
Outcome
* Reduction in the doses of postoperative
* CMEDF offers similar functional outcome analgesic
compared to ACDF * Reduction in length of hospital stay
* Odom’s criteria 86-91 % of patients report an * Reduction in laryngopharyngeal complication
excellent or good functional recovery * Better aesthetical result

;

Fig. 7.2 Cervical Microendoscopic Discectomy and Position of working trocar under fluoroscopic control. (c)
Fusion. (a) Sequential introduction of endoscopic dilation =~ Removal of anterior osteophyte via Kerrison. (d)
system between carotid artery and the esophageal. (b) Endoscopic view after implantation of intervertebral cage
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* Less retraction and manipulation at the
trachea and esophageal

Complications (Access-Related)

e Complications of the traditional
approach are possible

* Vascular injury

* Esophagus

e Trachea

e Thyroid

e Laryngeal nerves

open

Anterior Percutaneous Endoscopic
Cervical Discectomy

The standard treatment for cervical soft disc her-
niation in spine surgery is anterior cervical dis-
cectomy and fusion ACDF. The majority of
surgeons perform ACDF because the theory
behind it is that fusion prevents segmental insta-
bility and kyphosis due to reconstruction of
empty disc space by implanting a graft out of an
autologous iliac crest, a cage (e.g. PEEK, titan)
or disk prosthesis. Surgeons are concerned that
cervical alignment would be distorted due to a
collapse of the operated segment without fusion
which could result in axial neck pain and radicu-
lar arm pain in case of a compromised neurofora-
men. In the past decades there was less discussion
about the imperative of fusion. Little research
about the outcome after ACD compared to ACDF
although postoperative clinical results seems
similar [45, 46]. Since the first description of cer-
vical percutaneous discectomy by Tajima et al.
many minimally invasive techniques were devel-
oped to treat cervical spine disease [47]. Anterior
percutaneous cervical procedures for decompres-
sion of the nerval structures can be divided into
techniques with endoscopic visualization and
nonvisualized techniques. The objective of both
techniques is to reduce the nerve compressing
volume. Nonvisualized techniques can reduce the
volume either via aspiration of the nucleus pulpo-
sus [48, 49], via radiofrequency [50, 51], or via
radiofrequency [52]. The success of surgery
depends on adequate decompression of the nerve
root. Therefore the nonvisualized techniques are
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criticized for their lack of to identify free disc
fragments and to assess the status of decompres-
sion intraoperatively. The anterior percutaneous
endoscopic cervical discectomy (APECD) com-
bines the advantages of minimally invasive
approach via a needle and the inspection of the
intradiscal space via endoscopic visualization.

Further holmium: Yttrium-Aluminium-Garnet
(YAG) laser can be used via this technique for
decompressive and thermoannuloplasty. Although
a percutaneous cervical stabilization with an
expandable holder can be performed via this
approach. The idea behind it is to maintain the disc
height after decompression. This chapter will
deliver an impression for the endoscopic technique
and equipment that is necessary to perform APECD
and gives a short review about clinical results.

Indications
The APECD approach in indicated in the fol-
lowing cervical pathologies and situations
[41, 53-55]:

* Unilateral radiculopathy with sensory disorder,
reflex abnormality, motor weakness, arm pain
with and intractable neck pain unresponsive to
conservative management over 12 weeks

¢ Magnetic resonance imaging (MRI) computed
tomography (CT) that is positive for mediolat-
eral localised monosegmental contained or
noncontained soft disc herniation

¢ Segments C2-3 to C7-Thl;

* Ventral and posterior disc height must be least
4 mm

Contraindication

¢ Osseous foraminal stenosis

¢ Intraforaminal disc herniation

* Calcified disc or disc height of less than 4 mm

e Central canal stenosis with broad disc
bulging

* Craniocaudal dis sequestering of more than
half of the vertebral body

» Evidence of instabilities and / or deformities

» Evidence of myelopathy

» Isolated neck pain

¢ Foraminal stenosis without disc herniation

* Previous operation at the same segment



96

Surgical Equipment for APECD
The following surgical equipment and instruments
are necessary to perform APECD [40, 41, 55]:

* Endoscopic system (e.g. Karl Storz GmbH &
Co KG, Tuttlingen, Germany) Outer diameter
4.0 mm/working length 12 cm/central work-
ing channel 1.9 mm

* Video digital endoscopy unit with a camera

* (0° endoscopic optic

* Special endoscopic instruments (microforcep,
trepine etc.)

* Discography : Telebrix (Guerbert, France),
Contrast agent: Indigo carmine (Korean
United Pharma, Seoul, Korea)

e Holm-yttrium aluminium garnet YAG laser
(e.g. Trimedyne, Inc., Irvine, CA)

* Fluoroscopy (C-arm)

Surgical Technique

The patient can be operated on under local anesthe-
sia with light sedation so the surgeon can talk to the
patient and be aware of any neurological changes.
However, if preoperatively there is a sign that the
patient may suffer from intraoperative psychologi-
cal or physical stress because of the introduction of
the endoscopic system, general anesthesia can be
used as an alternative instead. Preoperative antibi-
otics are admitted and dexamethasone might be
administered to minimize airway and esophageal
edema. The patient is placed in a supine position
with the neck mildly extended on a radiolucent
table. Intraoperatively fluoroscopic guidance
(C-arm) the segment of operation is carefully iden-
tified in lateral and a.p. X-ray using a radiopaque
instrument. Skin incision is marked and with a felt-
tipped pen and the skin and subcutaneous tissue
were infiltrated with local anesthetic (e.g. 1 %
xylocaine, 1 % lidocaine). Generally the approach
is at the contralateral side about 2—-5 mm parame-
dian from the midline. The anatomical structures
are very mobile due to the compartmentalization
and ideal for an anterior percutaneous approach.
The goa is to displace the trachea and esophagal
medially and the carotid artery and internal jugular
vein laterally. First the pulsation of the carotid
artery should be felt, then the visceral structures
(thyroid, trachea, larynx, and esophageal) can be
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mobilized to the opposite side with the index fin-
ger. The middle finger is then slipped inside
towards the cervical spine till the protruding ring of
the disc is felt between both plane forefronts of the
vertebral bodies. Under continuous fluoroscopy a
18-gauge puncture needle is then carefully inserted
in the space between the visceral and vascular com-
partment into the disc space close to the posterior
body line of the posterior part of the disc, trying to
preserve the longuscoli muscle. A next step of the
surgery a discography (e.g. 10 mL Telebrix and
about 0.5 mL of contrast media e.g. indigo carmine
is injected to specify the posterior part of the disc)
is performed to determine the annular tear, to con-
firm the presence of soft disc herniation, and to
stain the nucleus pulposus into blue in contrast with
the neural tissue. Then a guide wire is inserted to
replace the puncture needle and is skin incision of
3 mm is made to allow the dilation of the skin and
soft tissue via serial progressive dilator (2-5 mm).
By this technique soft tissue is prevent from trauma
and the approach-related pain is reduced. Finally,
the tip of the working cannula is firmly placed to
reach the posterior part of the disc. Its correct posi-
tion sis confirmed via fluoroscopy. The distance
between the tip of the working cannula and the end
of the posterior longitudinal ligament represent the
working depth for the endoscopic instruments.
Next the endoscope is inserted into the working
cannula. Continuous saline mixed with antibiotics
(e.g. cefazolin) is used as irrigation. First endo-
scopic images of the intradiscal cavity are visible
on a monitor. Under endoscopic visualization the
herniated disc fragments are removed with micro-
forcep and trephine without injuring the spinal
cord. The risk of instability or local kyphosis may
be avoided by leaving the anterior fraction of the
disc intact while removing the posterior aspect. If
necessary the endplate and parts of the posterior
edge of the vertebral body are ablated via a
Holmium yttrium—aluminum-—garnet

(Ho:YAG) laser. Further the laser can be
used to shrink the remaining disc herniation
and to vaporize abnormal annular structures. A
low doses of energy for laser with 2 J and
10 Hz is recommended, therefore YAG-laser is
about 0.3-0.5 mm deep. The laser may be use-
ful to create intradiscal cavity for exploration
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Fig. 7.3 Anterior Percutaneous Endoscopic Cervical
Discectomy. (a) Fluoroscopic control of trocar and burr
placement while preparation of the endplates. (b)
Endoscopic view of the intervertebral space after preparation.

of adequate decompression. At the end of
decompression posterior longitudinal ligament
or dura should be clearly visible. Discoplasty
of the working cannula surrounding disc tissue
may be performed by YAG-laser before remov-
ing the working cannula. Position of the laser
should be frequently checked via endoscope
and fluoroscopy to prevent spinal cord or nerve
root injury. Further an expandable holder or
autologous iliac bone graft can be introduced
for stabilization. The initial diameter of the
holder is 3.3 mm while its inserted into the
intradiscal cavity. It can be expanded up to
7.0 mm in diameter inside the disc by rotating
the expander rotational handle. It is then fixed
to the disc. The correct position is controlled
under fluoroscopic guidance. If the procedure
is performed under local anesthesia the sur-
geon can interact with the patient and ask
whether the preoperative pain has disappeared
or was relieved during surgery. The endoscope
and working cannula were carefully pulled out.
The remaining irrigation and blood is drained

(c) Autologous ilia bone graft (dowel shaped). (d) Inserting
of bone graft in the working trocar. (e) Fluoroscopic control
of the endoscopic placed bone craft. (f) Postoperative
CT-scan confirms graft placement and fusion

before the wound is closed in standard fashion
(Fig. 7.3).

Outcome

e MacNab Criteria 83-91 % of patients report
an excellent or good functional recovery

» Significant decrease in arm- and neck pain on
visual analog scale (VAS)

e Significant improvement concerning Neck
Disability Index (NDI)

e Average time before returning to work 10-28
days

» Significantly decrease in disc height

* Postoperative development of segmental
kyphosis and instability remains unclear

e About 2 % of patients need additional open
surgery

Advantages of APECD

e Outpatient procedure
* As safe as standard open technique
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Complications (Access-Related)

e Carotid artery injury (dissection, rupture)

e Jugular vein

* Postoperative temporary headache due to pro-
longed high irrigation pressure because of epi-
dural venous bleeding

* Decreased disc height

* Discitis

* esophagus,

¢ Trachea,

¢ Thyroid and

e Laryngeal nerves

Endoscopic Posterior Cervical
Laminoforaminotomy

In 1951 Frykholm first described posterior foram-
inotomy through partial resection of the medial
margin of facet joint to decompress the cervical
nerve root in a series of patients with radiculopa-
thy [56]. At that time this new technique was a big
step ahead of the established operative techniques
for dorsal decompression of the cervical spine
like laminectomy with or without chiseling
of retrospondylophytes. Conventional posterior
approaches have the disadvantage of the detach-
ing the extensor cervical muscles from the lami-
nae and the spinous process. Detaching of the
paraspinal muscles can causes a severe trauma
and can come along with postoperative complica-
tions like axial neck pain, shoulder pain, loss of
lordosis or even spinal instability [57, 58]. The
posterior cervical laminoforaminotomy technique
applied microsurgical principles to the dorsal
approach to the cervical spine for the first time. It
enables bony decompression of the nerve root in
cases of foraminal stenosis or removal of disc
fragments with the advantage of far less injuries
to the myelon. It does not allow the removal of
medioventral nerve compressing lesions.
Nonetheless through the development of the ante-
rior approach to the cervical spine (ACDF) by
Smith and Robinson and modified by Cloward in
1958 eluded the problem of the myelon being in
the way of the pathology [34, 35]. As a conse-
quence the anterior approach became the gold
standard in the treatment of degenerative cervical
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disc disease and cervical stenosis for decades and
the posterior approach became obsolete by the
time. However, ACDF results in the loss of a
motion segment, fusion and approach-related
morbidity and graft-related complications. A
widespread movement came into the development
of new techniques for the treatment of degenera-
tive cervical diseases. Besides alternative to seg-
mental fusion in the anterior approach which
mostly centred in artificial disc replacement, the
posterior foraminotomy was rediscovered and
improved upon [59]. The aim to reduce iatrogenic
trauma related to the surgical approach has led to
the evaluation of neuroendoscopy in the spinal
surgery. Endoscopic lumbar discectomy has been
shown to produce comparable results to standard
microsurgical discectomy with the advantage of
less muscular trauma and thereby less back pain
[31]. However till today there is still no consensus
about the ideal surgical approach for the treatment
of cervical radiculopathy. Depending on the mor-
phologic pathology advantages and disadvantages
of both approaches and surgical techniques have
to be kept in mind when deciding which approach
is ideal. In cases, in which the cause of compres-
sion is located posterolaterally, such as intrafo-
raminal cervical herniation, the posterior
foraminotomy has showed to be effective and safe
[60]. This chapter will deliver an impression of
the posterior endoscopic cervical laminoformami-
notomy (PECLF) technique and equipment that is
necessary to perform PECLF and gives a short
review about clinical results.

Indications
The EPCLF approach in indicated in the follow-
ing cervical pathologies and situation:

* Osseous foraminal stenosis

¢ Unilateral pathology (mono or bisegmental)

e Nerve root compression and contraindication
for anterior approaches (e.g. tracheostomy,
cervical radiation therapy prior to surgery)

Contraindication
¢ Evidence of instabilities and / or deformities

¢ Discogenic pain resulting in neck pain and
nonradicular arm pain
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Surgical Equipment for EPCLF
The following surgical equipment and instru-
ments are necessary to perform EPCLF:

* Endoscopic system (e.g. EasyGO- system
Karl Storz GmbH & Co KG, Tuttlingen,
Germany)

* Video digital endoscopy unit with a camera
and data archiving system (e.g. AIDA® com-
pact NEO, Karl Storz GmbH & Co. KG,
Tuttlingen, Germany)

* 30° Hopkins® Forward-Oblique telescopes

* Ordinary endoscopic spine instruments

* Fluoroscopy (C-arm)

Surgical Technique

After the induction of general endotracheal
anesthesia, the patient is placed in prone posi-
tion or in sitting position and preoperative anti-
biotics are admitted. In prone position the head
is fixed in a three-point Mayfield headrest. an
elevated and slightly inclined. Based on the
reduction of blood loss which results in a shorter
operative time sitting position is preferred by
many surgeons. However, sitting position is dis-
cussed controversially, even though the risk of
air embolus is negligible due to minimally inva-
sive approach and short operative time. Further
the ability to identify the cervicothoracic junc-
tion via fluoroscopy is improved in sitting posi-
tion. In prone position attention should be paid
that the surgical field is above the level of the
heart if somehow possible to reduce intraopera-
tive bleeding due to dammed epidural blood
vessels. The affected segment is identified via
lateral fluoroscopy. For ideal identification the
shoulders may be pulled down and fixed by
using a medical duct tape in prone position.
After identification the planned skin incision
was marked. The skin incision should not be
made to small because of the risk skin ischemia
and about 2 cm parallel to the midline. In case
of a single level surgery the skin incision is
planned in a fashion that the centre of the work-
ing sheath points in direct way at the pathology,
i.e. neuroforamen of the affected segment. In
case of a two level surgery the skin incision is
recommended to be made halfway between the
two affected segments. The working sheath
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could be adjusted in his angle towards both facet
joints. In the rare case of a three level surgery
the skin incision is above the middle segment.
By the skin incision the muscle fascia is opened
too. Next step of the procedure was the dilation
of the muscle with the set of dilators. Beginning
with the smallest dilator the vertebral arch was
punctured. The tip of each dilator was always in
firmly contact to the vertebral arch respectively
the facet joint. While holding the dilators in
place a particular working sheath was intro-
duced. The whole application of the dilators and
the working sheath are done under control of
lateral fluoroscopy. After introduction of the
working sheath it is connected to the holder and
thereby fixed to the surgical table. Depending
on the number of segments which has to be
operated the working sheath is chosen. For a
single level procedure a sheath with an out
diameter of 15 mm and a 19 mm for two level
procedures are suitable. After connecting the
working sheath to the holder the dilators are
pulled out and the endoscope can be inserted.
The 30° optic points towards the midline and the
set up for bimanual surgery is completed. Next
step is the removal of the soft tissue and the
exposing of the vertebral arch and the facet joint
by using a dissector, bipolar forceps and grasper.
The lateral part of the vertebral arch is thinned
with a diamond drill before the ligamentum fla-
vum is resected. Through this technique the lat-
eral section of the dural sac with its outgoing
nerve root are depicted. At this particular
moment the endoscope can be turned 180° so
that the optic pointed towards the affected neu-
roforamen. The nerve root is decompressed
from medial to lateral towards the neurofora-
men by removing the medial half of the facet
joint. Heavy bleeding can be caused by dammed
epidural veins on the dorsal layer of the nerve.
To control the intraoperative bleeding bipolar
coagulation in a gently fashion, compression via
sponges and cotton, a combination of both or
surgical hemostatic agent for haemostasis is rec-
ommended. After successful decompression
nerve the surgical field was irrigated and the
working sheath was carefully pulled out. The
wound was closed by fascia-, subcutaneous- and
subcuticular sutures (Figs. 7.4 and 7.5).
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Fig. 7.4 Intraoperative Image of Endoscopic Posterior
Cervical Laminoforaminotomy. (a) Beginning of the removal
of the ligamentum flavum. (b) First exposure of the dura after

resection of the ligamentum flavum and the bony lamina.
(c) Foraminotomy and visible dura. (d) Decompressed neu-
roforamen (hook) and exciting nerve root (arrow)

Fig. 7.5 Intraoperative setup for Endoscopic Posterior
Cervical Laminoforaminotomy. (a) Patient positioning
(Prone) with head fixed in a Mayfield clamp. (b)
Introduction of the dilation system with working trocar
which is fixed to the holding arm (EasyGO®-system, Karl

Storz Company, Tuttlingen, Germany). (¢) Fluoroscopic
control of trocar positioning (perpendicular to the lam-
ina). (d) Fully installed EasyGO®-system (HD-camera).
(e) Intraoperative set up with 16:9 screen monitor and
Video digital endoscopy unit
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Outcome

* 97 % of patients report an excellent or good
functional recovery [61]

* 92 % of complete resolution in radicular
symptoms [62]

* 85 % without pain postoperatively up 100 % 6
weeks post-OP

e Significant improvement concerning Neck
Disability Index (NDI)

Advantages of EPCLF
* Qutpatient procedure

¢ Reduced blood loss
technique

compared to open

Complications (Access-Related)

* Hemostasis, if origin of bleeding is inaccessible

e Contralateral neurogenic thoracic outlet
syndrome

* CSF leak management

¢ Recurrent dis herniation

Microendoscopic Cervical
Laminoplasty and Laminectomy

Cervical spondylotic myelopathy (CSM) is the
natural result of degenerative compression on
the cervical spinal cord. CSM is the most com-
mon cervical spinal cord disorder in persons
more than 55 years of age. Patients often expe-
rience a progressive and stepwise deterioration
of neurological function such as gait dystaxia
and problems with fine motor skills, dexterity
and signs reflecting upper motor neuron disease
[63]. Intervention is often controversial dis-
cussed, especially when symptoms are absent
or minimal [64]. However, surgical intervention
is often pursued as symptoms progress but con-
troversy still exists over the optimal choice of
surgery for spinal cord decompression [65, 66].
Posterior laminectomy decompression has been
described as a treatment for CSM since the
1940s. It requires stripping of the posterior cer-
vical muscular and detachment of supraspinous
and interspinous ligamentous structures (poste-
rior tension band) from the bony parts of the

101

cervical vertebra. Patients may experience
postoperative neck pain from iatrogenic muscle
injury and muscle spasm. Multilevel laminecto-
mies are associated with increased risk
of 6-47 % for postlaminectomy Kkyphosis
[57, 67]. Fusion may be required if kyphotic
deformity or instability is existing prior to
decompression.

Postoperative instability and iatrogenic mor-
bidity has forced spine surgeons to explore more
efficacious ways of decompression. Cervical
open door laminoplasty allows for adequate pos-
terior decompression of the spinal cord while
retaining the posterior elements it was described
by Hirabayashi and Satomi first [68]. This tech-
nique minimizes the amount of removal of the
posterior tension band and, hence, decreases the
risk for postoperative instability and kyphosis
and therefore the risks of posterior cervical
fusion. Multiple techniques for performing a cer-
vical laminoplasty have been described such as
expansive “open door,” a midline “French Door,”
En Bloc resection, spinous process splitting, and
Z-Plasty [69-72].

The comparative outcomes, however, are still
a matter of controversy no definitive literature
shows its superiority to laminectomy in conjunc-
tion with a posterior cervical fusion. Minimally
invasive techniques have been refined constantly.
The goal of these techniques is to achieve the
comparable clinical outcomes as traditional open
surgeries but through smaller incisions and with
less muscle dissection and tissue traumatization.
Minimized muscle trauma and devascularization
favors low rates of wound infections, less blood
loss, less postoperative pain, and a shorter hospi-
talization time [73]. Different techniques for
microendoscopic cervical laminoplasty and lami-
nectomy have been reported in the literature.
Minamide reported a bilateral decompression
technique via a unilateral approach [74]. Yakubi
described a technique for a partial laminectomy
by performing two paramedian approaches for
ipsilateral decompression [75]. Dahdaleh per-
formed single or multilevel hemilaminotomies
for treatment of CSM [76]. Recently Oshima
reported about a midline approach for interlami-
nar decompression

The following sections will give a short intro-
duction on these techniques.
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Indications
The MECLL approach

Contraindications

* Cervical myelopathy with tumor, trauma,

» Severe ossification of posterior longitudinal
ligament (OPLL)

¢ Rheumatoid arthritis,

* Pyogenic spondylitises,

¢ Destructive spondylo-arthropathies

* Cervical kyphosis (preoperative)

Surgical Equipment for MECLL
The following surgical equipment and instru-
ments are necessary to perform MECLL:

e Tubular dilators and tubular retractor system
(e.2. METRx, Sofamor Danek, Memphis,
USA)

* Video digital endoscopy unit with a camera

* Different endoscopes (e.g. 0°-optic and
30°-optic)

* Ordinary endoscopic spine instruments

* Fluoroscopy (C-arm)

Surgical Technique

Microendoscopic Laminoplasty: The procedure
is performed in general endotracheal anesthesia.
The patient is placed in prone position and the
head is fixed in a Mayfield head clamp. The neck
is fixed in a neutral position. The fluoroscopic
C-arm is recommended to be positioned into the
surgical field so that lateral fluoroscopic images
can be obtained intraoperatively. The level of
interest is marked on the side of the approach. A
skin incision of approximately 18 mm in length is
made at the spinal level which has to be decom-
pressed. The muscle fascia is split before the
tubular dilation system is introduced. The para-
vertebral cervical muscles are gently dilate before
the working channel is then passed over the dila-
tors and connected to the flexible holdingarm
mounted to the table side rail. Confirmation of
correct working channel position has to be
obtained by lateral fluoroscopy before removal of
dilators. The tubular retractor is pending perpen-
dicular to the lamina and facet joints, and points
parallel to the intervertebral disc space. The
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endoscope is introduced into the working chan-
nel and bipolar cautery is used to remove any
residual muscular and soft tissues overlying the
lamina and facet joint. After depicting the bony
edges of the lamina a small angled dissector is
used to confirm inter-lamina space and the medial
aspect of the facet joint. First the lamina near to
the ligamentum flavum is thinned out whit a high
speed diamond drill and then resected with a
Kerrison punch. After identifying the attachment
of the ligamentum flavum of the superior lamina
the drilling and resection is continued by identi-
fying the superior attachment of the inferior lam-
ina. The ligamentum flavum is left intact. The
working channel is then turned medially and
downward to obtain a contralateral view. Next
the basis of spinous process is drilled before lam-
inotomy can be performed. The angled endo-
scopic view in combination with a turn of the
working channel allow for an excellent visualiza-
tion to the contralateral side. Again the ligamen-
tum flavum is left intact to protect the dura while
laminotomy is performed. When all bony struc-
tures are removed from the ligamentum flavum
the loose ligamentum flavum was inspected.
Attention is paid for removing the ligamentum
flavum gently without applying to much pressure
on the underlying dura or causing a dural tear.
Small angled curette or nerve hook are ideal to
mobilize it from its attachment. Decompression
is finished when dural pulsation is visible. In case
of a two-level laminoplasty the working channel
can be turned towards adjacent segment either
cranially or caudally. For a four-level lamino-
plasty two separate skin incision are necessary to
reach all segments sufficiently. The placement of
a drain is optional before wound closure.
Endoscopic Partial Laminectomy: Surgery is
performed in general anesthesia and intraopera-
tive set up is the same as described for microen-
doscopic laminoplasty above. The skin incision
starts the inferior part of the superior lamina and
continues till the superior part of the inferior
lamina thinned out by using a high-speed
drill. Resection of the ligamentum flavum by
endoscopic hook and Kerrison rongeur is fol-
lowed. Decompression continues by removing
parts of the basis of the spinous process. When
the ligamentum flavum was completely removed,
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dural pulsation was observed. For decompression
of the contralateral side the same approach and
technique is performed. However, the spinous
process is not resected en bloc to maintain spinal
stabilityof approximately 18 mm is marked about
20 mm off the midline. Under fluoroscopic guid-
ance, a K-wire is inserted through the posterior
cervical musculature towards the superior lamina
at the level of interest. Seeking bony contact at all
time is necessary to avoid perforating the inter-
laminar window and damaging the spinal cord.
The best trajectory is slightly inclined from hori-
zontal orientation. After seeking bony contact the
first dilator was passed along the K-wire onto the
lamina. Once the bone of the lamina is palpated,
the K-wire is removed. Sequential dilation of the
paraspinal muscle is performed before the work-
ing channel is introduced. Dilation of the muscu-
lature, introduction and confirming the correct
position again is done under fluoroscopic control
to ensure a proper working trajectory throughout
this process. As described above the working
channel is then connected via a flexible arm and
affixed to the operating table to maintain correct
position. Once the endoscope is inserted the sur-
geon exposed the bony lamina and the facet joint.
The procedure is split in to identical steps. After
identifying all the important anatomical struc-
tures the partial laminectomy

Endoscopic  Interlaminar  Decompression
through a Midline approach: Surgery is per-
formed in general anesthesia. The skin incision is
marked in the midline under fluoroscopic guid-
ance at the level of interest. The nuchal ligament
was longitudinal split to expose the tips of the
spinous process. After exposure the sequential
dilation with a tubular dilation system is
performed. The working channel is placed
between the two spinous processes. In some
cases drilling of the tip of a spinous process may
be necessary to create a cavity for the working
channel and make position more stable. Once the
working trocar is in place the procedure contin-
ues by partial resection of the spinous process to
gain working space for decompression. First the
interspinalis mucles are spread before deep
attachment of the semispinalis cervicis and
multifidius muscles are coagulated and dissected.
After exposure of the bony structures a
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laminectomy or partial laminectomy with
resection of the ligamentum flavum and spinous
process may be performed for decompression.

Outcome

* JOA score improved from 10.1 point to 13.6
[74]; 11.6 to 14.1 points [75]

* Nurick score improves from 1.6 to 0.3

* VAS reduction from 46 to 15 mm

* Odoms score 70 % excellent and good results

Advantages of CMEDF

¢ Minimal blood loss (about 30 cc for one level)
* Maintaining posterior cervical structures

Complications (Access-Related)

* Long surgical time: 106 min for one level lami-
noplasty / 164 min for partial hemilaminectomy
¢ Dura tear management
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Abbreviations

ACCF Anterior Cervical Corpectomy Fusion
ACDF Anterior Cervical Discectomy Fusion
ASD  Adjacent Segment Degeneration

Intervertebral disc degeneration and cervical
spondylosis are the primum movens of the pro-
cesses that subsequently lead to cervical spondy-
lodiscoarthosis  causing  biochemical and
morphological modifications of cervical spine.
Degenerative changes in the cervical spine,
resulting in neck pain and/or cervical myelopathy
and radiculopathy are commonly observed con-
ditions in neurosurgical practice.

History

Prior to 1950, cervical spine surgery was per-
formed via a posterior approach. The first ventral
cervical spine stabilization with an only fusion
was performed by Bailey and Bagley .n 1952.
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In 1955, Robinson et al. described their opera-
tive technique using an interbody graft. In 1958,
Cloward’s modification of the anterior cervical
decompression and interbody fusion (ACDF)
procedure was published. Initially, ACDF, was
performed using the patient’s own iliac crest bone
or tibia, fibula and ribs (autograft). However, the
use of autologous cancellous bone gave rise to a
frequently reported complication, namely acute
and chronic pain at the donor site, usually the
iliac crest. Graft subsidence was also possible. In
fact, graft harvesting complications occurring in
traditional fusion procedures favoured the ongo-
ing development of cage technology. Carbon
Fiber Cages were introduced in the early 1990s
and Brantingan et al. in a very important study,
demonstrated that carbon is preferable to other
matherials, such as titanium, first because it is
radiolucent and, secondly because it also does
not induce any kind of bone corrosion or inflam-
matory reaction. Moreover, in their retrospec-
tive study Frati et al. pointed out the advantages
offered by the high elasticity of carbon fiber
implants, that redistributes load-sharing to the
bone graft inside the implant, thus improving the
quality of fusion and reducing stress on the adja-
cent vertebral level. To increase fusion rates and
decrease graft complications, some investiga-
tors supplement allograft fusion with an anterior
cervical plate, a technique initially described by
Bohler and Gaudernak, and Caspar for treating
cervical trauma
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Anterior Cervical Approach

Anterior Cervical Approach: is the standard sur-
gical approach and widely used. The patient is in
supine position on the surgical table, with the
head in neutral position or slightly rotated
towards the contralateral side of the surgical inci-
sion, with a little cushion placed under the shoul-
ders, to ensure the maximal extension of the
neck. One can identify some anatomic landmarks
(Fig. 8.1) pointing out the projection of the cervi-
cal vertebrae on the neck.

— Hard palate: atlas arch

— Inferior side of the mandible: C1-C2 space

— Hyoid bone: C3

— Thyroid cartilage: C4-C5 space

— Cricoid cartilage: C5-C6 space

— Carotid tuberculum (Chassignac’s tubercu-
lum): lateral margin of C6

Other identifiable landmarks are:

The medial margin of the sternocleidomastoid
muscle, from the mastoid process to the
sternum

The carotid artery, that can be palpated posteri-
orly and laterally to the medial margin of the
sternocleidomastoid muscle.

After the execution of an intraoperative radiog-
raphy, the skin incision is performed along a line
of the neck (transversal if the level to expose is

Fig. 8.1 Anatomical landmarks for the anterior prester-
nocleidomastoid — precarotid approach

one, oblique along the margin of the sternocleido-
mastoid muscle if the levels to expose are at least
two). The side chosen is generally the left one to
reduce the risk of damage to the recurrent laryn-
geal nerve, because on the right side this nerve has
a more variable anatomical route. After the skin
incision, superficial haemostasis is performed, the
hypodermis is elevated and the platysma is identi-
fied. The fascial sheath over the platysma is dis-
sected with the same orientation of the skin
incision and then the platysma is separated longi-
tudinally with a smooth dissection, identifying the
medial margin of the sternocleidomastoid muscle
covered by the deep cervical fascia; the deep cer-
vical fascia is then incised anteriorly to the ante-
rior margin of the sternocleidomastoid muscle.
After that, the sternohyoid and sternothyroid mus-
cles are stretched apart medially so that trachea
and oesophagus can be dislocated medially, and
the carotid sheath, containing the common carotid
artery, the jugular vein and the vagus nerve, is
identified. Once the carotid artery has been pal-
pated and well identified, the pretracheal fascia is
incised starting from the medial side of the sheath
and the sheath is stretched apart with the neuro-
vascular bundle of the neck in lateral and external
position together with the sternocleidomastoid
muscle [12].

With a smooth dissection the cervical verte-
brae, covered by the prevertebral fascia, are
reached, and the longus colli muscles are identi-
fied in both sides of the median line. Laterally to
the vertebral bodies are located the cervical sym-
pathetic chain ganglia. With the help of an elec-
trocauterium, the longus colli muscle is sectioned
in longitudinal direction, and via subperiostium
is dissected together with the anterior longitudi-
nal ligament and stretched apart laterally.

The surgeon identifies the intervertebral disc,
places a landmark point with a spinal needle and
performs an X-Ray to verify that the disc indi-
viduated is the right one.

Autostatic retractors are placed to stretch apart
the longus colli muscles and a Caspar distracting
system is put in place. The distractor takes advan-
tage of his pins inserted into the vertebral bodies
do distract the intervertebral space where the sur-
geon will be working (Fig. 8.2). The disc is
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Fig.8.2 Cervical disk exposed by anterior presternoclei-
domastoid — precarotid approach

incised with a scalpel and the discectomy is per-
formed from the anterior margin to the posterior
one. The fibres of the posterior annulus fibrosus
can be detached from the bone, and a cleavage
plane with the vertical fibers of the posterior lon-
gitudinal ligament can be obtained with the sup-
port of a dissector.

At the end of the procedure, a high speed drill
can be used to smooth the marginal osteophytes
and to cruentate the endplates until one can obtain
a bleeding osseous surface where the implant can
be inserted. Once a good visualization of the ver-
tebral canal is obtained, the osteophytes located
on the posterior margin can be removed and the
opening of the intervertebral foramen can be per-
formed to ultimate the decompression. Once this
phase is completed, in the intervertebral space
can be placed a bony graft, an interbody cage or a
disc prosthesis. At the end of the procedure, after
a control X-Ray scan, the operatory field is
washed with saline solution, an accurate haemo-
stasis is performed and a drainage is placed. In
the final phase the platysma muscle is sutured
and the superficial planes are sutured.

Complications

The most frequent complications related to the pro-
cedure are: damage to the recurrent laryngeal nerve
with palsy of the vocal cords (transitory in 11 % of
the cases, permanent in 4 % of the cases), damage
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of sympathetic nerves or of the stellate ganglion
(with Horner’s syndrome), damage of the vascular
structures such as carotid artery or internal jugular
vein or, less frequently, of the vertebral artery or of
the thoracic duct [1, 2]. Furthermore, trachea,
esophagus or pharynx can be accidentally perfo-
rated during the surgical procedure or as a late
complication due to the mobilization of the
implants. This kind of approach can be the cause of
early damages to the nervous structures. Dysphagia
can be an immediate consequence after the surgical
intervention in 60 % of the patients or in 5 % of the
patients can be evident after 6 months or more. It
can derive from anesthesiological irritative factors
(usually remains for 24-72 h) or to a difficult
orotracheal intubation, damages to the recurrent
laryngeal nerve, to the cervical orthosis or to the
protrusion, displacement or rejection of the pros-
thetic material [10, 11]. Among the late conse-
quences there are: displacement of the implant,
pseudoarthrosis, adjacent segment syndrome. The
incidence of failed bone fusion with pseudoarthro-
sis and adjacent segment syndrome is variable
between 2 and 20 %; it can be defined as the dis-
placement of 2 or more millimetres between two
adjacent vertebral bodies (measured at the distal
portion of the spinous processes) in the dynamic
flexion and extension X-Rays. This clinical condi-
tion can be asymptomatic, associated to chronic
pain, recurrence of the preoperative symptoms,
alterations of the cervical lordosis with local
kyphosis or deformity. If asymptomatic the surgi-
cal therapy is not indicated. If symptomatic, a fur-
ther surgical intervention with a new ACDF with
the placement of an anterior plaque, a cervical cor-
pectomy with fusion or a posterior cervical fusion
when more than three vertebral bodies are involved.

Personal Experiences

Anterior Cervical Discectomy
and Fusion ACDF

Our experience has been published on European
Spine Journal [13]. It has been the first study to
deal with ACDF employing carbon fiber cages with
such a long follow-up (77 months, range 54-90
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months) and the only one to evaluate the rate of
interbody fusion using CT scan. Aim of our study
was to demonstrate the high rate of interbody
fusion and the low percentile of new adjacent level
compression in patients who underwent anterior
cervical fusion with carbon fiber cages containing
hydroxyapatite. All the patients who had under-
gone surgical treatment with anterior cervical dis-
cectomy and stand-alone cage interbody fusion
were included in our study. We used a left anterior
retropharyngeal approach. Carbon fiber cages con-
taining hydroxyapatite were implanted in all
patients without anterior plating. In our experience,
adjacent segment disease was not clinically rele-
vant. We studied our patients by the mean of CT
scan with sagittal reconstructed images, that made
possible to evaluate the rate of bone fusion. During
follow-up, 20 % of the patients included in our
study presented AS degeneration, and 10 % of
these required a new surgical procedure because of
AS disease. The findings evidenced by our experi-
ence support the hypothesis of a pathophysiologi-
cal degeneration of cervical spine by reducing the
impact of fusion on adjacent levels. Moreover, the
less satisfactory outcome observed in patients over
61 years old, with development of ASD disease,
was probably related to the evolution of pathophys-
iological degeneration of the cervical spine [2].
The ideal cage should correct deformity and
provide stability until fusion occurs with no addi-
tional morbidity. Carbon fiber cages were intro-
duced almost a decade ago for use as a spacer.
They do not induce an inflammatory response,
withstand physiological loads and have a modulus
of elasticity almost equal to the cortical bone. The
Cervical Cages used, are a carbon fiber-reinforced
hollow biocompatible polymer implants designed
to replace the tricortical bone graft. This cage is
radiolucent, which aids in the assessment of bony
fusion and have markers to aid in their visualiza-
tion, radiological assessment, and identification of
their position on plain X-ray films. These markers
are three intrinsic tantalum beads that serve as
radiographic markers. Cervical carbon fiber cages
are well documented in their ability to provide
structural support while promoting bony fusion.
Their radiolucency and biomechanical design
properties make them a superior choice among
available cages. The potential benefit of enhanced
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fusion rates and decreased bone donor site mor-
bidity may justify the use of hydroxiapatite with
cages. Our experience with carbon fiber cages sug-
gests that these devices represent a valid option for
restoring the intervertebral disc space and promot-
ing arthrodesis in cervical disc surgery while their
elastic properties minimize the risk of kyphosis,
subsidence and adjacent segment disease [2].

In 13 % of the patients, a CT scan documented
the non-fusion of the segments: no clinical symp-
tom was related to this condition. In our opinion,
pseudoarthrosis is mainly caused by mal-
positioning of a carbon fiber cage that often rests
on the anterior rim of the endplate.

Our study demonstrated that the use of carbon
fiber cages containing hydroxyapatite is appar-
ently a safe procedure with a favorable clinical
and radiological outcome. The simplicity of the
technique and its radiolucency is an advantage
during follow-up. In this study, a good fusion rate
(87 %) was achieved in accordance with the lit-
erature using carbon fiber cages.

Anterior Approach in Multilevel
Stenosis

Our experience, published on International
Journal of Clinical Medicine [9], is based on the
evaluation of clinical and radiological effects
subsequent to ACCF or ACDF for multilevel cer-
vical spondylosis. The choice between ACDF
and ACCEF as the best treatment choice in case of
multilevel cervical spondylosis is object of
numerous studies, but actually remains contro-
versial. It is still an argument of debate that cervi-
cal spine compression due to a degenerative
process tends to be progressive in time. The
results of disc degeneration leads to the reduction
of the disc height, hypertrophy and buckling of
the ligamentum flavum and PLL, formation of
osteophytes, alterations in axial loads with sagit-
tal alignment dysfunction.

The degenerative cascade brings to a progressive
canal narrowing, signs and symptoms of myelin dys-
function and radiological finding of cervical instabil-
ity. Often, even if asymptomatic in initial phase,
radiological exams can show the initial degeneration.
Sometimes the evolution could be quite progressive
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and paucisymptomatic, but sometimes, certain
patients may have a precipitous decline with clinical
and radiological severe myelopathy [2-7].

Goals of surgical treatment are to decompress
the narrowed cervical segment, to arrest the degen-
erative process, and to restore the physiological
biomechanics and the right axial loads [8, 14, 15].

In our opinion, in cases of multilevel stenosis,
it is important to consider some radiological pre-
operative findings, which may lead to the right
indication for surgery:

1. Number of involved levels: when three or less
levels are involved, anterior compression or
kyphosis are present, the anterior approach is
preferred. Anterior approach allows direct
decompression, interbody space height restore
and the possibility to maintain cervical lordo-
sis. Several literature studies have compared
multilevel anterior cervical discetomy and
fusion (ACDF) with anterior cervical corpec-
tomy and fusion (with mesh cage) (ACCF).
Which one is the surgical procedure with best
clinical results remains controversial.

2. Radiological and neurological signs: radio-
logical exams as like as standard X-Ray in the
antero-posterior and lateral projections and
the dynamic flexion and extension projections
are of value: sagittal profile, as loss of lordo-
sis, kyphosis development, spinal alignment
and bony relationship (e.g. spondylolisthesis),
disc space narrowing, bony vertebral struc-
tures (vertebral collapse, osteophytes).

3. LLP features (hyperthrophy. ossification,
involved levels): in multilevel cervical spondy-
losis may occur the involvement of the LLP. It
can be the responsible for a further reduction
of the medullary canal, because of its involve-
ment in the degenerative cascade of spondy-
lodiscoarthosis. LLP modifications occur, in
the first phase, with structural modifications
caused by local inflammatory processes that
lead to an initial ligamentous laxity. LLP then
undergoes to a compensatory hypertrophy
and subsequent ossification. The involvement
of the ligament reflects the number of levels
involved in the spondylodiscoarthosis.

4. Vertebral stability: static and dynamic radio-
graphs are useful to determine the range of

motion (ROM) of the cervical segment and to
value its stability. In case of instability the pur-
pose of the treatment, which depends on the
number of levels involved, is to stabilize the seg-
ment involved and to promote bone fusion avoid-
ing the development of deformity. It is useful to
use the anterior plating for both ACDF or ACCF.

5. Sagittal alignment — kyphosis-lordosis: the
more levels involved, greater is the probability
of developing cervical instability and conse-
quent greater risk to develops a deformity
with secondary loss of the physiological lor-
dosis and consequent kyphosis.

Based on our experience and literature results,
multilevel ACDF is preferable when compres-
sion involves the intersomatic space, or in the
early stages of spondylotic myelopaty, when
bone degeneration and spinal cord compression
are mainly involving the intervertebral space.
ACDF provides good long term results in term
of improvement of cervical lordosis in the fused
segments. In addition, ACDF restores disc height,
promotes posterior ligaments in-buckling correc-
tion, maintains a good biomechanical stability
during dynamic flexion-extension movements,
and maintain a good sagittal alignment (Fig. 8.3).
Furthermore, ACDF is less invasive than ACCF in
term of blood loss, bone removal, surgical compli-
cation (Hoarseness, C5-palsy, dysphagia, dislog-
ment, epidural ematoma, CSF leakage), operation
time, length of hospital stay. In contrast, if more
than two levels are involved, ACDF can cause
pseudoarthrosis or junctional syndrome more
likely than ACCF. The pathogenesis and the clini-
cal development of adjacent segment degeneration
(ASD) are not completely understood. Probably it
is due increased stiffness at the fused level, with
concomitant increasing in force and motion at
adjacent levels or, as Hilibrand and al. reported,
that may reflect the natural history of the underly-
ing cervical spondylosis. Important is the anterior
plating, required when preoperative instability is
present or when more than two contiguous levels
are treated. ACCF is indicate when spinal cord
impingement is behind the vertebral body or when
two or three vertebral body are involved or when
spondylotic myelopaty is advanced (Fig. 8.4).
The surface bone fusion is lower than ACDF, so
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Fig. 8.3 Long term follow-up in two level anterior discectomy and fusion with cages. Dynamic X-rays shows the
complete fusion of the segment

ESTEN

Fig. 8.4 Long term follow-up in anterior corpectomy and fusion with mash and plating. Dynamic X-rays shows the
complete fusion of the segment
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fusion rate is higher than ACDF if more than 2 or
3 levels are involved. Certainly, it is more invasive
than ACDF, it does not restore sagittal alignment
and bearing a lesser biomechanical strength of the
movements of FE compared to ACDF. In this pro-
cedure the anterior plating by placing the screws
both to the upper and lower vertebral body and to
the graft too is required to avoid any translational
movements. Based on our experience, ACDF seem
to be more efficacies to correct cervical kyphosis
and to restore SA.

Conclusions

The anterior approach is safer, not much trau-
matic for muscles and familiar to the surgeon.
Itis recommended when compression involves
primarily the anterior horn of spinal cord.
The main goal of this procedure is to relieve
the compression on the spinal cord and/or the
root. Stabilization and fusion in conjunction
with decompression are important to hinder
the progress of phenomena such as instabil-
ity and subsequent deformity of the cervical
segment, and to restore the height, correct the
in-buckling of the ligamentum flavum, recon-
struct lordosis, and stabilize the spinal col-
umn. The goals of surgical treatment are: to
decompress the stenotic cervical segment, to
arrest the degenerative process, and to restore
the physiological biomechanics and the right
axial loads. Even if both ACDF and ACCF can
restore lordosis, in multilevel ACDF lordosis
can be achieved and maintained easier than
in ACCF. This is due to the multiple points
of distraction and fixation in addition to the
graft and interbody space shaping. Therefore,
we conclude that it is necessary to preopera-
tively study patients to classify degenerative
disease and biomechanical features, evaluat-
ing the number of levels affected by stenosis,
neurological status, the characteristics of the
LLP and the stability of the cervical segment.
All those are useful parameters to guide the
surgeon to choice the best anterior approach
for cervical spondylosis.
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Paolo Perrini and Nicola Di Lorenzo

The anterior approach to the cervical spine was
conceived and promoted in the early 1950s by the
seminal investigations of different pioneers [1,
11, 25]. In 1952, Bailey and Badgely performed
an anterior decompression and fusion utilizing an
autologous onlay strut bone graft in a patient with
a cervical lytic lesion [1]. In 1955, Robinson and
Smith reported anterior cervical discectomy and
fusion for spondylosis utilizing a tricortical
horseshoe-shaped iliac crest graft [25].
Subsequently, Ralph Cloward described his tech-
nique for cervical discectomy with removal of
ventral osteophytes and fusion using a dowel-
shaped iliac crest graft, and popularized the ante-
rior approach for the treatment of degenerative,
neoplastic, traumatic and infective pathologies
exerting a ventral compression of the spinal cord
and/or cervical roots [11]. Since these original
descriptions, the progress of available grafting
options proposed allograft-, synthetic- and fac-
tor/cell-based technologies for bone graft substi-
tutes [4]. However, the autologous bone graft is
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still considered the gold standard for anterior
cervical fusion after anterior cervical discectomy
(ACD) or corpectomy because is the only graft
with the properties of osteogenesis, osteoinduc-
tion and osteoconduction [4, 21]. In addition, the
corticocancellous architecture of the autologous
bone graft enhances interface activity with bony
ingrowth and provides load-bearing capacity,
which is extremely relevant in avoiding a
kyphotic change across fused segments.

This chapter describes the technical nuances
of anterior cervical decompression and fusion
with autologous bone graft.

Surgical Techniques
Anesthesia and Positioning

Patients are positioned supine on the operating
room table for orotracheal intubation. Awake
fiberoptic nasotracheal intubation is required
only in selected myelopathic patients in which
spinal injury as a result of neck extension dur-
ing intubation must be avoided. A single dose
of intravenous prophylactic antibiotics is
administered half an hour before the time of
incision. The head is slightly extended without
rotation on the radiolucent operating table and
a rolled towel is placed under the neck to
improve the cervical lordosis. Alternatively,
the head is placed on a horseshoe headrest. The
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shoulders are pulled caudally using wide adhe-
sive tape to allow visualization of the lower
cervical spine on fluoroscopic images. The
knees are slightly flexed to prevent stretch
injuries. Electrophysiological monitoring is
not necessary in routine cases.

Incision and Soft Tissue Dissection

Diversity of opinions among neurosurgeons
exists regarding the effect of approach side on the
incidence of recurrent laryngeal nerve (RLN)
injury after anterior approach to the cervical
spine. Anatomical arguments have been proposed
to support one side of approach over the other.
Because the left RLN is longer and enters the tra-
cheoesophageal groove at a less steeper angle it
has been argued that a left-sided approach would
minimize the incidence of RLN palsy [13, 18].
However, several clinical investigations reported
that the side of approach has no significant effect
on the incidence of RLN injury [3, 6]. In addi-
tion, a left-sided approach theoretically places
the thoracic duct at risk of injury [17]. It is our
practice to operate mostly from the right side for
ease of surgery for right-handed surgeon, reserv-
ing a left-sided approach in patients with previ-
ous left-sided neck surgery and resultant vocal
cord dysfunction.

The incision is localized using fluoroscopy. A
horizontal skin incision beginning at the midline
and extending laterally to the medial border of
the sternocleidomastoid muscle is suitable to
expose up to two intervertebral discs or one
vertebral body (Fig. 9.1). A longitudinal incision
following the medial border of the sternocleido-
mastoid muscle is performed for more extensive
procedures. The platysma muscle is sharply
divided in line with the incision and a subplatys-
mal release is performed to relax the wound
edges and to facilitate further dissection. Careful
dissection and accurate release of fascial planes
allow optimal exposure with minimal retraction.
The superficial layer of the deep fascia which
envelopes the sternocleidomastoid muscle is
sharply divided exposing the middle layer of the
deep fascia. This layer is incised anterior to the
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anterior border of the carotid artery, which
remains on the lateral side of the surgical field.
Transection of the omohyoid muscle that runs
obliquely across the field at the level of the C6
vertebral body can be usually avoided through
extensive fascial release. At this point the verte-
bral bodies can be palpated with a finger under
the deep cervical fascia also known as alar fascia.
The trachea and esophagus, which are contained
in the middle layer of the deep fascia, are gently
retracted medially whereas the carotid sheath and
the sternocleidomastoid muscle remain laterally.
The alar fascia is incised to obtain access to the
anterior cervical spine. A needle is placed on the
anterior anulus of the disc space and a lateral
fluoroscopy is obtained for level confirmation.
After fluoroscopic confirmation, blunt dissection
is used to expose the ventral aspect of vertebral
bodies. Identification of the midline is obtained
exposing the longus colli muscles bilaterally,
which are generally equidistant from the midline.
In presence of anterior osteophytes, their removal
is necessary for the identification of the midline.
The insertions of the longus colli muscles are
coagulated and lateral retraction blades are
placed bilaterally under their medial edges. When
a long segment construct is planned, a second
retractor with blunt blades is placed in the cranio-
caudal direction to enhance the surgical exposure
and to protect soft tissues from injury.

Smith-Robinson Technique

The anterior longitudinal ligament and the anulus
fibrosus are incised flush from the edges of the
vertebral bodies with a No. 11 scalpel (Fig. 9.2).
The anterior osteophytes, when present, are
removed with a curved osteotome or rongeurs.
The anterior longitudinal ligament lying on
opposing vertebral bodies is removed to clearly
expose the bony surface. Interbody distraction is
obtained by placing distracting pins into the mid-
portion of the vertebral bodies above and below
the interspace to be treated. After distraction, the
disc and the cartilaginous plates are progressively
removed with curette. High-speed drill and
Kerrison pounch are used to complete the
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Fig. 9.1 Incision and soft tissue dissection. (a) A trans-
verse skin incision extending from the midline to the medial
border of the sternocleidomostoid muscle is adequate to
expose up to two intervertebral discs or one vertebral body.
An oblique incision along the anterior border of the sterno-
cleidomastoid muscle is used in more extensive procedures.
(b) After incision of the platysma and subplatysma dissec-
tion, the superficial layer of the deep cervical fascia is
entered with exposure of the sternocleidomastoid muscle.
Dissection of the middle layer allows exposure of the omo-
hyoid muscle. (¢) The carotid artery can be palpated

discectomy and to remove the posterior osteo-
phytes under microscopic view. The posterior
longitudinal ligament (PLL) is generally opened
widely to expose the dura and to verify complete
removal of disc herniation and optimal resection
of osteophytes. We use a nerve hook to open lat-
erally the PLL, which is elevated from the dura

posterior to the sternocleidomastoid muscle. The alar fascia
(asterisk) covers the longus colli muscles and separates the
vertebral bodies from the trachea and esophagus. (d) The
longus colli muscles are clearly exposed and help to iden-
tify the midline. (e) A right-angle bent needle is inserted in
the disc and a lateral x-ray is obtained to confirm the level.
(f) The longus colli muscles are dissected and the retractor
blades are inserted. The anterior longitudinal ligament and
the anulus fibrosus are incised and removed. cca common
carotid artery, lcm longus colli muscle, om omohyoid mus-
cle, scmm sternocleidomastoid muscle

and progressively resected with kerrison pouch.
When foraminal stenosis is present, the medial
aspect of the uncovertebral joint is resected using
a No. 1 or 2 Kerrison punch. Bleeding from epi-
dural veins in the neural foramen is controlled
with small pieces of surgicel and gentle pressure
with cottonoid.
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Fig. 9.2 Interbody fusion with Smith-Robinson tech-
nique. (a) Preoperative midsagittal T2-weighted MRI scan
discloses C5-C6 disc herniation with severe compression
of the spinal cord. (b) After exposure of the cervical spine
the anulus fibrosus is incised and the anterior longitudinal
ligament is removed at the C5-C6 level. (¢, d) The disc

Cloward Technique

This technique increases the space available
while the surgeon perform ostheophytes removal
and consists of drilling a circular opening in the
region of the intervertebral disc, into which a
dowel of bone is inserted (Fig. 9.3). After a stan-
dard discectomy, measure is taken and the drill
depth is determined. The hand-held drill with a

space is opened with Caspar distraction pin device and the
discectomy is completed microsurgically. (e) After com-
plete removal of soft disc herniation, a tricortical autolo-
gous iliac crest graft is tapped into place and the distraction
is released. (f) Lateral x-ray obtained 6 months after sur-
gery demonstrated solid fusion between C5 and C6

guard is applied to the midpoint of the cervical
motion segment and drilling of the adjacent ver-
tebral bodies to the desired depth is performed.
The guard prevents penetration of the posterior
cortical bone, which is removed with high-speed
drill and rongeurs. The decompression is com-
pleted with microsurgical removal of the PLL,
osteophytes and disk herniation, when present. A
slightly larger, cylindrical, bicortical autologous
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Fig. 9.3 Interbody fusion with Cloward technique. (a)
Preoperative midsagittal T2-weighted MRI scan discloses
C5-C6 spinal cord compression with high signal changes
in the spinal cord as a result of herniated disc associated
with osteophytes. (b) After standard discectomy, a

dowel graft is harvested from the anterior iliac
crest and impacted into the drilled defect. The
limitations of this approach consist in the
decreased compression strength of the bicortical
graft, the extensive exposure of cancellous bone
and the impossibility to perform multilevel
contiguous fusions [12]. Due to these limitations,
the Cloward’s technique is nowadays seldom
utilized.

hand-held drill is used to drill the adjacent vertebral bod-
ies. (¢) The remaining cortical bone is removed microsur-
gically. (d, e) A bicortical dowel graft of iliac crest bone is
tapped into place. (f) Antero-posterior x-ray obtained 6
months after surgery discloses fusion between C5 and C6

Corpectomy

When a corpectomy is planned, the anterior lon-
gitudinal ligament over the vertebral body to be
resected and over the contiguous portions of the
adjacent upper and lower vertebrae is removed
(Fig. 9.4). Anterior osteophytes are resected to
ensure that the cervical plate will lie flat on the
vertebral body. The discetomies above and below
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after
Preoperative midsagittal T2-weighted MRI scan shows
cervical spine stenosis C3-C5 and kyphotic deformity. (b,
c) After wide exposure of midportion of the cervical
spine, discectomies are performed above and below the
corpectomy site and the vertebral bodies of C4 and C5 are
removed using high speed drill. The posterior longitudinal

Fig. 9.4 Interbody fusion corpectomy. (a)

the chosen corpectomy site are performed first to
evaluate the depth of the spinal canal and to care-
fully define the limits of bony resection. The
majority of the vertebral body is removed under
direct visualization to maintain midline orienta-
tion and obtain a symmetrical bony decompres-
sion. We use a 6-mm cutting burr to rapidly
remove the vertebral body to the posterior corti-
cal margin. The location and course of the verte-
bral arteries is noted on preoperative CT and MRI

ligament and the osteophytes are resected exposing the
decompressed dura (asterisk) (d, e) a tricortical iliac crest
graft slightly oversized is tapped into place under distrac-
tion and internal fixation is obtained with plate and
screws. (f) Lateral x-ray obtained 6 months after surgery
demonstrates solid fusion and restoration of focal
lordosis

scans and the distance separating them is mea-
sured. Generally, the mean distance separating
the medial borders of the transverse foramina is
approximately 26-30 mm [22]. According to
these findings, we do not extend bony decom-
pression more than 10 mm from the midline to
avoid injury of the vertebral artery. Under micro-
scopic view the posterior cortex is removed with
a 2-mm Kerrison pouch. The posterior osteo-
phytes are resected with an up-going curette and
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Kerrison pouch. A matchstick-type burr is used
to resect completely the cartilage from the end-
plates of edjacent vertebrae while maintaining
the bony endplate to prevent graft subsidence.
The PLL is entered with a nerve hook, incised
and widely removed using kerrison pouch. Bone
wax is avoided because it prevents bony fusion.

Bony Reconstruction with Autograft

Autologous bone grafts can be classified accord-
ing to tissue composition (cortical, corticocancel-
lous, cancellous), anatomic origin (iliac crest, rib,
fibula) and blood supply (vascularized, nonvas-
cularized). Autografts such as fibula and tricorti-
cal iliac crest graft bear the mechanical
compression loads applied to the anterior column
of the spine due to their strength from their corti-
cal bone composition [27]. These grafts can be
fashioned as tricortical or bicortical struts or
dowel according to the technique used. Rib grafts
are weak mechanically because provide a limited
volume of bone and are characterized by a thin
cortex. While autologous rib grafts can be used as
source of cancellous bone or can wired to the
occiput during an occipitocervical fixation, they
are not generally used for bony reconstruction of
the cervical spine. Vascularized cortico-
cancellous autograft such as vascularized fibula
grafts are used in irradiated and devascularized
fusion beds. The main limitation of fibula graft is
the mismatch of the densities with that of the ver-
tebral body with resultant penetration of the fib-
ula through the vertebral body, i.e. the “pistoning
effect”. For bony reconstruction of the cervical
spine we use autologous bone graft obtained
from the anterior iliac crest. Surgical technique
plays a pivotal role to ensure proper bone healing
and reducing postoperative complications [29].
The bone graft is harvested after the anterior
approach and stored in saline-soaked sponges
until used. A short (5 cm) skin incision is made
parallel to the anterior iliac crest starting at least
2 cm behind and lateral the anterior superior iliac
spine (ASIS) (Fig. 9.5). A limited use of electro-
cautery is required during superiosteal dissection
in order to avoid injuring the ilioinguinal, iliohy-

pogastric and lateral femoral cutaneous nerves,
which course along the medial surface of the
ileum. Care is taken to cut through the fascia
avoiding the muscles. The periosteum of the iliac
bone is progressively elevated from the inner and
outer bone surfaces with a Cobb periosteal eleva-
tor. A bone graft of the measured size is harvested
from the ilium using a single-bladed oscillating
saw under irrigation for tricortical or, more rarely,
bicortical bone. The graft site is measured with
caliper and the graft is cut slightly oversized
(2-3-mm longer than the rostrocaudal length of
the corpectomy). Both ends of the graft are flat-
surfaced to increase the surface area for fusion. It
is our preference to exert distraction of the cervi-
cal spine by having the assistant pull on the angle
of the mandible on the long axis of the patient’s
body. Alternatively, distraction can be obtained
by placing distracting pins into the vertebral bod-
ies above and below the corpectomy  site.
Excessive distraction due to a graft that is to long
for the length of the vertebrectomy should be
avoided because can lead to postoperative inter-
scapular pain. When the anterior decompression
is performed using the Cloward approach, a
hand-held drill with a guard is applied on the lat-
eral surface of the ilium at least 2 cm behind the
anterior superior iliac spine and a bicortical,
cylindrical dowel graft is harvested (Fig. 9.6).

Donor Site Complications

The complication rate after harvesting bi- or tri-
cortical iliac bone ranges from 4 to 39 % [2, 7].
Donor site complications include acute and
chronic local pain, nerve injury, infection, hemor-
rhage, hernia formation and exceptional iliac crest
fracture. The most commonly reported complica-
tion is acute postoperative pain at the donor site
with resultant longer hospital stay. Several evi-
dences suggest that donor site pain is the result of
micro- and macro-fractures, hemorrhage and
infection that trigger intact nociceptors adjacent
to a nerve injury site [2, 9, 10, 14, 20, 23, 31]. A
careful standard technique minimizes postopera-
tive pain in most patients [29]. A short skin inci-
sion, limited muscle retraction, subperiosteal
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Fig.9.5 Bone graft-harvesting from the iliac crest. (a) A
skin incision of approximately 5 cm is made at least 2 cm
behind the anterior superior iliac spine. (b) After subperi-
oteal dissection, a tricortical bone graft of the measured
size is harvested from the ilium using an oscillating saw.

(¢) A pin-headed Cloward impactor is used to place the
graft into the corpectomy defect. (d) Meticulous hemosta-
sis of the ilium is done with bone wax and the soft tissues
are closed in separate layers

Fig.9.6 Bone graft harvesting from the iliac crest according to the Cloward technique. (a, b) A hand-held drill provides
a cylindrical, bicortical dowel graft that is impacted into the drilled defect

dissection, and reduced use of electrocautery pre-
vent the injury to the lateral femoral cutaneous
nerve, ilioinguinal nerve and lateral cutaneous

branch of the subcostal nerve. Performing the
most anterior osteotomy at least 2 cm behind the
ASIS avoids a stress fracture of the bone remaining
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anterior to the harvest site. In addition, some evi-
dences suggest that graft harvesting using single-
bladed oscillating saw reduces the risk of stress
fracture of the ASIS when compared with the
osteotome technique [23, 29]. Finally, careful
hemostasis, moderate use of electrocautery and
avoidance of muscle stripping help to avoid pain,
fluid collection, and cosmetic dissatisfaction [10].

Anterior Instrumentation After
Autologous Bone Graft

In single-level discectomy and fusion for degen-
erative disease, there is no strong support for
plate fixation in the literature [28]. In addition,
some authors reported no graft extrusions in large
series of patients treated with multilevel discec-
tomy and fusion with autograft without supple-
mental instrumentation [26]. However, recent
prospective studies comparing mono- or biseg-
mental cervical fusion with autograft with and
without a plate found that graft quality (height of
graft, dislocation and resorption) was signifi-
cantly better in the plated group [15]. According
to the literature, the rate of pseudoarthrosis
increases with an increase in the number of seg-
ments fused suggesting that fusion over more
than two segments is an indication for instrumen-
tation [7].

The critical concerns of graft displacement,
graft fracture, pseudoarthrosis, subsidence and
kyphotic changes are particularly relevant in
cases of corpectomy without plating. Although
some authors still recommend uninstrumented
corpectomy for cervical spondylotic myelopathy
[24, 30] several classic clinical studies reported
graft-related complications rates ranging up to
45 % without plating [5, 8, 16, 19, 32]. Yonenobu
et al. [32] reported nonunion rates of 5 % and
45 % after one- and three-level corpectomy and
autograft without instrumentation, respectively.
Internal fixation after cervical corpectomy and
autograft provides several advantages including
biomechanical improvements, immediate stabil-
ity and improved fusion rates with acceleration of
the fusion process. In fact, when corpectomy is
not associated with internal fixation, rotational
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and translational forces in three dimensions
increase complication rates and lower fusion
rates. Rigid internal fixation allows immediate
stability and fixed bone-to-bone contact under
compression, that promotes successful incorpo-
ration of the autograft.
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Many pathologies can cause instability of the
cranio-vertebral junction (CVJ). Among the
most common diseases must be considered
thraumatisms, neoplasms, inflammation, but
also congenital malformations. Instability of
the CVJ is a potentially life-threatening condi-
tion and improper treatment can lead to severe
neurological deficits as well as continuous,
excruciating pain in the neck. Conservative
treatments are often disappointing and surgery
must always be taken in consideration when
approaching instability of the CVJ, being in
many cases the only therapy that can provide
satisfactory results.

Anterior approaches to the CVJ are usually
limited to few and selected cases and posterior
approach must be considered the first choice to
restore stability of the axial cervical spine.
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History

Posterior sub laminar wiring of C1 and C2 was
attempted in 1910 by Mixter and Osgood [24].
Foerster, in 1927, was the first to describe the use
a peroneal graft to treat a trauma of the cranio-
vertebral region [9]. However, the first widely
used surgical technique to restore stability of the
C1-C2 segment was posterior fusion with wires
and autograft and was developed by Gallie in
1939 [10].

Gallie’s technique gained wide appreciation
and has been used for many years; in 1978 Brooks
and Jenkins [3] proposed a modification of the
original technique. The development of the con-
cept of posterior C1-C2 wiring and grafting is
represented by clamps between the posterior arch
of C1 and C2 laminae. Integrity of the posterior
arch of the atlas was necessary and postoperative
immobilization was strongly recommended.
When the posterior arch of C1 was interrupted
the occiput had to be involved in the fusion lead-
ing to a complete abolition of rotatory move-
ments and severe limitation of flexo-extension of
the head.

In 1987 Magerl and Seeman proposed the
union of C2 to Cl by two screws that, passing
through the C2 isthmus, were screwed to the C1
lateral masses [22]. The integrity of the posterior
arch of C1 was no longer needed and the con-
struct was so stable that also postoperative course
did not require firm immobilization. In 1994
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Goel and Laheri [12] published an original tech-
nique where two screws were placed in the lateral
masses of Cl and two screws in the isthmus of
C2. The screws were connected by plates realiz-
ing the stabilization of the C1-C2 segment. Some
years later Harms and Melcher [16] proposed a
modification of this technique that gained great
popularity in the following years. In 2004 Wright
[40] proposed a modification of the Harm’s tech-
nique which avoided the risk of C2 isthmus per-
foration; the caudal screws were inserted in the
laminae and connected to the lateral mass screws.

Conservative Treatment

Pathologies that can be treated by external immo-
bilization are mainly traumatic: fractures of the
atlas, fractures of the dens (reducible fractures
type 2 and 3 according Anderson and D’ Alonzo)
[1]. The goal of an external fixation is to maintain
an optimal alignment of the axis for a time long
enough to provide healing and fusion (usually
3—4 months). The best way to obtain stability of
the cranio-vertebral junction by non-surgical
techniques is positioning an halo-cast or halo-
vest [7, 36], even though a Philadelphia collar has
been proposed to treat C2 fractures [29]. The
sternal-occipital-mandibular immobilizer
(SOMI) -brace has also been used in the past
[19]. The most common traumatic lesion of the
axis is the C2 fracture type II. Conservative treat-
ment of this type of lesion has been reported by
many authors [14], but a high percentage of non-
union has also been reported. Unfavourable
results are related to many factors, first of all the
presentation of fracture. When translation was
larger than 6 mm, the non-union rate was as high
as 86 % while the results were much better in the
cases of dislocation inferior to 4 mm. Another
crucial point is the age of the patients: non-union
in patients older than 50 [20, 28] is frequently
observed. Neurological status is also important;
in the presence of progressive neurological defi-
cits or serious impairment of functions as well as
in non-cooperative patients, conservative treat-
ment should be avoided. Finally, other lesions
involving the cranial and facial bones and thoracic
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and pulmonary conditions can prevent the correct
positioning of a halo vest.

Halo positioning requires insertion of four
pins in anterior and posterior position, through
the skin and secured to the skull. The direction is
vertical, with a 90° angle with the skull, as an
angled direction decreases biomechanical resis-
tance [37]. The secure zone for the anterior pins
insertion is quite small and is represented by an
area of about 10 cm? 1 cm above the orbital ridge
on the external part of the forehead in order to
avoid the arterial branch of the superficial tempo-
ral artery laterally and the supra-orbitary nerve
superiorly and medially.

Non-union is the most common but not the
only complication following conservative treat-
ments of cranio-vertebral junction. Cutaneous
ulcers are quite common [30], but nerve palsy,
particularly of the marginal mandibular nerve
(terminal branch of the facial nerve) has also
been reported [32]. As far as halo is concerned,
loosening of the pins is a common complication
[2]. Cutaneous infection can follow the position-
ing of the pins [11] but infections can involve
also bone and intracranial structures [17, 26, 33]
and subdural as well as epidural hematoma [23].

Presently conservative treatment should be
restricted to axis traumatic lesions with minimal
dislocations, in young patients without neurolog-
ical abnormalities (Fig. 10.1); patients with sys-
temic diseases that carry high operative risk
should be treated conservatively as well.

In all other cases surgical treatment should
represent the first choice.

Biomechanical Analysis of Surgical
Treatments

The goal of the surgical treatment is to provide a
stabilization of the unstable segment (i.e. the
axial part of the cervical spine) as strong as
possible. On the other hand, as every posterior
stabilization leads to loss of motion, the ideal
treatment should be the most strong and the least
invalidating.

Many biomechanical studies have investigated
the ability of the different treatments of stabilizing
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the C1-C2 segments. According Sim et al. [34],
who measured the range of movement and the
neutral zone of cadaver specimens after different
techniques of stabilization, posterior wiring
(PW), transarticular screws (TA) and screws in
C1 lateral masses combined with C2 screwing
(C1LM-C2 PS) are all able to stabilize an unsta-
ble axis in flexion—extension. However, posterior
wiring couldn’t give enough stability at rotational
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and lateral bending tests, and were therefore
considered insufficient. The three-point recon-
struction, using TA and PW provided the best
results in all the tests, but also the C1LM-C2PS
achieved a sufficient stability in the three planes.

The most recent review has been published by
Du et al. in 2015 [6]. The authors found
differences in the results of the single papers,
but generally TA, C1ILM-C2PS provided good

Fig.10.1 Traumatic subluxation of the dens in a 3 years old girl. (a) CT Scan reconstruction. (b) Reduction in halo. (¢)
Halo reduction. (d) Flexo-extension x-ray after halo removal
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Fig. 10.1 (continued)

stabilization in the three movements tested, while
screwing C1 lateral masses and trans laminar C2
(C1LM-C2TL) were less effective in the lateral
bending tests.

Posterior Wiring and Clamps

The original Gallie’s technique utilized a single
bone harvested from the iliac crest and placed on
the C2 spinous process and the posterior arch of
C1. The stabilization was then obtained by steel
wires which passed below the C1 arch and around
the C2 spinous process, keeping at the same time
the autograft in place. In the Brooks and Jenkins
technique two single grafts were used, shaped in
order to be positioned between the posterior C1
arch and C2 lamina. The wiring was sublaminar
both in C1 and C2. Dickman et al. [4] furtherly

modified the original Gallie’s technique using a
single graft not only leaned on the posterior arch
of C1, but wedged underneath the spinous process
of C2 and C1. The wires to keep in place the graft
and to provide stability passed below the poste-
rior arch of C1 and a notch prepared on the spi-
nous process of C2 in order to increase the
stability of the construct.

The results of posterior grafting and wiring
were satisfactory in a number of cases.
Nevertheless the non-fusion rate was still ele-
vated [5], rotational stability was poor and immo-
bilization for 3—4 months in a halo was mandatory
in the postoperative course. Furthermore sublam-
inar wires carried the risk of nervous injuries and
dural tears.

Interlaminar clamps should decrease this risk:
the hooks are placed underneath the posterior
arch of C1 as well as C2 lamina, and then tightened
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Fig. 10.2 Dislocation of Halifax clamps

by different mechanism [25]; the autograft, har-
vested by the iliac crest, is compressed between
the posterior aspect of C1 and C2. Even though
clamps are easier to be positioned than wires,
they have good stability only in the flexion and
extension movements, while in rotational motion
and lateral bending the stability is very poor.
Dislocation of the clamps are therefore not
uncommon, needing for second surgery
(Fig. 10.2). As for all the wiring techniques also
clamps require an intact posterior arch of C1.

C1-C2 Trans-articular Screw
Technique

This technique, described in 1979 by Magerl [22]
gained wide acceptance in the following years,
being the most effective technique to stabilize
C1-C2[18], especially if combined with posterior
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wiring or clamps [31]. This technique can be
used also in cases where there is an interruption
of the posterior arch of C1 but requires a good
alignment of the axis.

The patient is placed in the prone position in a
three-points head holder: a horse-shoe head
holder can also be used, but, in this case, is more
difficult to obtain the optimal alignment of the
axis. With an external K-wire the ideal trajectory
of the screws is identified before the skin incision
[35]. The entry point for the drill, in most cases,
lies laterally to the spinous process of T1 or T2.
The skin incision is on the midline from CO to C3
and a careful dissection of the muscles is per-
formed. During this step is important to maintain
the midline to avoid bleeding from the muscles
which are easily detached from the C1 and C2
posterior aspect, especially in young subjects.
There is no need to extend dissection too far lat-
erally, but identification of the C2-C3 joint is
mandatory. Two small incisions are then made
and two guide tubes are placed along the ideal
trajectory from the T2 level up to the C2-C3 joint.
The direction is checked with X-rays and the
entry point on C2 is identified: it lies just 3 mm
medially and superiorly to the center of the
C2-C3 joint. After decortication of the dorsal
aspect of the joint a guide K-wire is drilled under
x-ray control with a sagittal direction toward the
anterior C1 tubercle and with a lateral medial
inclination of about 0-10°. If it is not possible to
obtain a perfect C1-C2 alignment the trajectory
should be a little superior to the anterior tubercle.
The drilling is stopped 3—4 mm before reaching
the anterior tubercle, preventing penetration of
the retropharingeal space and a cannulated screw
is then screwed on the K-wire. A special attention
must be paid to avoid the advance of the K-wire
while the screw is positioned. Some systems have
also the possibility to connect two hooks, embrac-
ing the posterior arch of the atlas, to the screws,
creating a very strong stabilization of the axis
(Ulrich Company, Ulm, Germany) (Fig. 10.3a, b).
Bone autograft or allograft is finally positioned
between C1 and C2. If any doubt arises, a small
spatula can be inserted in the C1-C2 joint, after
dislocation of the C2 nerve root to check the pres-
ence of the screw crossing the joint.
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Fig. 10.3 (a) Transarticular C1-C2 fixation and C1 pos-
terior arch clamps. Operative field. (b) Transarticular
C1-C2 fixation and Cl posterior arch clamps. Post-
operative X-rays

The main problem of this technique is the risk
of lesions to the vertebral artery [39]; a pre-
operative CT scan with reconstruction should
always be performed to investigate the course of
vertebral artery. Some studies have shown that
anomalies of the vertebral artery anatomy or a
large vertebral artery groove are present in more
than 20 % of the patients [21, 27]. In these cases
there are two options: to change technique or to
perform an unilateral transarticular fixation.

C1 Lateral Mass Screws and C2
Pedicle Fixation

This technique was first described by Goel and
Leheri in 1994 [11, 13], but gained popularity
after its reappraisal by Harms and Melcher [16]
some years later. The main advantage of this
method is that the integrity of the posterior arch of
C1 is not needed and also alignment of the axis is
not necessary. With this technique a reduction and
alignment of the C1-C2 complex can be obtained
also in many cases considered non reducible at
the pre-operative studies (Fig. 10.4a—c). At the
same time the technique allows good results in
terms of primary stability [6] and later fusion
[13]. The technique is suitable also in mild cases
of basilar invagination: by distraction of C1 and
C2 the dens is pulled downward, (or the skull is
pushed upward) releasing compression on the
ventral aspect of the brain stem, so that transoral
decompression can be avoided [15].

The patient is in prone position with the head in
a three-point or horse-shoe head holder. The skin
incision is from CO to C3 and the muscle of the
neck are detached on the midline, exposing the
posterior arch of C1 and C2 on both sides. In com-
parison with the transarticular technique, the expo-
sition is wider because the lateral mass of the atlas
must be fully exposed; some bleeding can rise
from the important venous plexus that surrounds
the lateral aspect of the spinal cord, the C2 root
and the vertebral artery, but it is usually easy to
control with gel foam or other haemostatic agents;
there is no need to fully expose the vertebral artery.
The medial wall of the lateral mass is identified by
a smooth dissector and the C2 root is also isolated.
The entry point for the C1 screw is in the center of
the lateral mass or at the union of the posterior
arch with the lateral mass. In order to avoid con-
flict with the C2 nerve root, a little portion of the
inferior aspect of C1 posterior arch can also be
removed by drilling or rongeurs. No drilling
should be made above the junction of the posterior
arch with the lateral mass because this area is too
close to the vertebral artery. Under fluoroscopy a
hole is drilled with a direction from 0° to 25°
medially toward the anterior tubercle. After tap-
ping the hole a screw (3.5 mm) is positioned.
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Fig. 10.4 (a) Not-reducible
os odontoideum in a 21-year
old man. Pre-operative MRI.
(b) The same case following
C1-C2 reduction and
stabilization according

to Goel and Leheri.

(c) Post-operative CT
reconstruction of the same
case
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Fig. 10.4 (continued)

The entry point of the C2 screw depends on
the intention to place the screw in the pedicle or
in the pars, knowing that there are not real differ-
ences from a biomechanical point of view [8, 34,
38]. Conventionally, the pars of C2 is that portion
of the vertebra between the superior and inferior
surfaces. The entry point and the direction of the
screw are about the same as in the transarticular
technique (3 mm medially and 3 mm superiorly
to the articular surface of C2 toward the anterior
tubercle) with a latero-medial angulation of 15°.
The screw is much shorter and the risk of injuries
to the vertebral artery is lower. The pedicle of C2
is located anteriorly to the pars and trajectory is a
little less angulated (about 20° on a sagittal plane
and 15° medially). The entry point of a C2 pedic-
ular screw is very little (about 2 mm) superior
and more medial than the entry point for screw-
ing the C2 pars. The C1 and the C2 screws are
then connected to bars that allow reduction and
stabilize the axis. As in the other techniques bone
allograft or autograft are finally inserted between
C1 and C2 in order to provide fusion.

Conclusion
Many techniques are available to restore
stability of an unstable axis. The choice
depends upon the pathology which caused the
instability and the severity of damage to bone
and ligaments. Posterior wiring and clamps
are less demanding from a technical point of
view and carry less risks to injuries to the
vascular and nervous structures, but give less
stability which means the need for postopera-
tive halo or collars and a significant rate of
failures. Transarticular screwing of C1-C2 is
the best performing technique and should be
seen as the gold standard, but carries the risk
of life-threatening complications and it is not
suitable in all cases. C1 lateral mass and C2
(pars or pedicle) screwing has a wider range of
feasibility and is a little less riskful than
transarticular screwing. The advantages are
balanced by less stability.

Malpositioning of the screws, both when
Magerl’s technique and Goel’s technique are
performed, is not uncommon and navigation,
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when available, is recommended; nevertheless
must be said that clinical complications are
exceptional also in case of a mistake in screw
positioning [39].
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Kris B. Siemionow, Bruce M. McCormack,
and Pier Paolo Maria Menchetti

Background on Cervical
Spondylosis

Cervical spondylosis and radicular symptoms are
commonly the result of age related degenerative
changes that most likely originate at the cervical
disc. With aging, the chemical composition of the
nucleus pulposus and annulus fibrosis changes
and is associated with a progressive loss of the
disc’s viscoelastic properties. Disc height
decreases, the disc bulges posteriorly, and the
vertebral bodies drift toward one another.
Concurrently, the ligamentum flavum buckles,
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the facet joint capsules thicken, and osteophytes
form contributing to a decrease in size of the cen-
tral canal and neuroforamina. The end result of
the above described changes, often referred to as
cervical degenerative disc disease, is spinal
stenosis and direct mechanical pressure on the
nerve roots or spinal cord. The exact pathogene-
sis of cervical radicular pain remains unknown,
but it is felt to be a result of a combination of
direct nerve compression and an inflammatory
response [1, 2].

Intrinsic blood vessels of the compressed
nerve have been shown to demonstrate increased
permeability, which results in nerve root edema.
As the edema becomes chronic, fibrosis and scar-
ring ensue contributing to an altered response
threshold and increased sensitivity of the nerve
root to pain. Pain mediators released from the
nerve cell bodies, intervertebral disc, and sur-
rounding tissue play a role in initiating and per-
petuating the inflammatory response [3].

Age related degenerative disc changes often
lead to painful symptoms, including neck pain,
arm pain, shoulder pain, numbness, weakness,
and changes in gait. When degenerative changes
result in pinched nerves in the cervical spine, the
resulting painful condition is commonly referred
to as cervical radiculopathy. Globally, the
reported annual incidence of cervical radiculopa-
thy is 83.2/100,000 persons [4], while the
reported prevalence is believed to be 3.5/1,000
persons [5].
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Historical Posterior Treatment
Options

Posterior cervical foraminotomy has been
employed by surgeons for the treatment of radicu-
lopathy since the 1950’s [6, 7]. It is typically
indicated in patients with unilateral radiculopathy,
absent significant neck pain with maintained cer-
vical lordosis [8-10]. Further, it is a desirable
option in cases presenting with laterally herniated
disc and lateral stenosis [8]. The surgical objec-
tive of a foraminotomy is to decompress the nerve
roots while maintaining motion at the affected
level. A small laminotomy is typically performed
to expose the lateral margin of the spinal cord and
affected nerve root. This is followed by a forami-
nal rhizotomy. The technique can be performed
using a high speed burr and Kerrison punches.

Early foraminotomies were performed via
a midline approach, taking advantage of a sub-
periosteal laminae dissection to reduce bleeding.
The open approach is desirable because of maxi-
mum anatomical visualization. The technique has
evolved over the past five decades. Fessler and
Adamson were among the first to describe clinical
outcomes utilizing a microendoscopic approach
[8, 11]. This involves establishing tubular access
to the affected foramen and visualization of the
anatomy via endoscope. By cutting a stab inci-
sion 1 cm from midline ipsilateral to the targeted
pathology, endoscopic visualization is achieved.
The facet is targeted with a small diameter
Steinman pin under fluoroscopic guidance. After
the skin incision is extended above and below the
Steinman pin by a total of 2 cm and the fascia
incised, soft tissue is retracted using sequential
dilators over which a tubular retractor is placed.

Minimally invasive approaches are desirable
because of reduced blood loss, same day surgery
and quicker recovery [8, 11, 12]. A meta-analysis
of posterior cervical foraminotomies performed
by McAnany et al. and a clinical study by Kim
et al. showed that a minimally invasive approach
did not compromise long-term clinical outcomes.
Both the analysis and study reported a significant
improvement in pain and return to normal life
[13, 14].

Adoption of foraminotomy is suppressed
because the procedure can be technically diffi-

K.B. Siemionow et al.

cult, especially when performed through minimal
access incisions [15]. Axial neck pain, and less
commonly, instability may ensue because the
motion segment is not stabilized [16, 17].
Bilateral foraminotomies are avoided so as not to
exacerbate the aforementioned limitation.
Foraminotomy, particularly at C4-5, has been
associated with motor palsies of the C5 root [18].

It is important to note that the majority of
patients with cervical radiculopathy due to degen-
erative spondylosis that fail medical management
are treated with an anterior cervical discectomy
and fusion (ACDF) approach. This is driven in
part by the prevalence of myelopathy secondary
to canal stenosis, which is frequently associated
with foraminal stenosis. An anterior approach
typically involves removal of the intervertebral
disc along with offending osteophytes and recon-
struction with a fusion or disc replacement is per-
formed [8, 19]. Total disc replacement (TDR) has
been advocated to reduce incidence of adjacent
segment disease but with 10+ years follow-up
has proven to have more limited clinical indica-
tions than originally considered [20, 21]. Both
procedures remove disc and bone to decompress
the nerve root followed by anterior spinal column
reconstruction. ACDF and TDR are safe, but
reported complications include implant failure
and dislodgement, excessive or incomplete bony
healing, spinal deformity, neurologic complica-
tions, dysphagia, esophageal injury, and recur-
rent laryngeal nerve palsy [22-25].

Introduction to Posterior Cervical
Tissue Sparing Indirect
Decompression and Fusion

By preserving much of the normal osteoligamen-
tous anatomy of the cervical spine, a tissue spar-
ing posterior cervical procedure reduces the risk
for post-laminectomy kyphosis, muscle atrophy,
and difficulties associated with the post-
laminectomy membrane.

Understanding the three-dimensional anatomy
of the cervical neural foramen is critical for perform-
ing the posterior surgical procedure. As described
by Russell and Benjamin, the lateral portion of the
cervical spinal canal is covered posteriorly by the
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DTRAX Cervical
CageT

Fig. 11.1 DTRAX Cervical Cage in three configurations

lateral aspects of a superior and inferior lamina
[26]. Ventral to the lamina, the ligamentum flavum
is attached to two-thirds of the undersurface of the
superior lamina, but inferiorly it is attached only
to the superior edge of the lower lamina. Laterally,
the ligamentum flavum ends 1-2 mm before the
medial limit of the neural foramen. The anterior
boundary of the cervical neural foramen, from cra-
nial to caudal, is the posterolateral cortical margin
of the superior vertebral body, the intervertebral
disc covered by the posterior longitudinal ligament
(PLL), and a small portion of the postero-lateral
cortical margin of the inferior vertebral body.
Posteriorly, from cranial to caudal, the neural fora-
men is bounded by 1-2 mm of the superior facet,
followed by the entire ventral surface of the infe-
rior facet. The superior and inferior boundaries of
the neural foramen are formed by the superior and
inferior vertebral pedicles, respectively.

Removal of the ligamentum flavum in the lat-
eral aspect of the spinal canal exposes the dura.
After removal of the medial half of the facet joint,
the axilla of the nerve root is seen at its takeoff
from the lateral dura/spinal cord. The nerve root
in the neural foramen, both covered by connective
tissue (root sleeve), are also exposed. A radicular
artery is located anteriorly, between the nerve root
dura and the root sleeve, and an epidural venous
plexus is located circumferentially. The nerve root
proper can be seen only after removing the lateral
half of the lamina and the medial half of the facet
and opening the root sleeve (including the venous
plexus); the nerve root is located over the superior
and lateral edges of the inferior pedicle.

DTRAX Cervical
Cage B
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DTRAX Expandable
Cage

The motor and sensory roots exit the spinal
canal within a common dural sleeve, but in the
neural foramen, the dural sleeve divides into an
antero-inferior sleeve carrying the motor root,
and a postero-superior sleeve housing the sensory
root division. At the region of the sensory gan-
glion, a single dural sleeve covers both the sen-
sory and motor divisions.

DTRAX Spinal System

Tissue sparing indirect decompression and
fusion can be performed using instrumentation
available on the market. One such system is the
DTRAX® Spinal System (Providence Medical
Technology, Inc.). The spinal system is com-
posed of specialized instruments that carry out
the novel technique and placement of the cervi-
cal cage device.

DTRAX Cervical Cages are titanium con-
structs offered in various footprints and heights.
The implants are manufactured from implant
grade titanium alloy (6AI-4V Ell Titanium).
They are available in three configurations: (1)
Cage-T (Taper) with a 7° angle, (2) Cage-B
(Bullet) with parallel upper and lower surfaces,
and (3) Expandable Cage with an expandable
taper washer via advance of a screw (Fig. 11.1).
A hollow design in all cages enables packing of
bone graft. The teeth on superior and inferior
surfaces are designed to resist expulsion. The
DTRAX Expandable Cage is not available in the
U.S.; it is available in CE approved markets.



138 K.B. Siemionow et al.
Fig. 11.2 Key g _ Decortication Trephine
instrumentation components == F

of the DTRAX spinal system -4

Guide Tube

The DTRAX Cervical Cage is compatible
with a variety of retractors and instrument sets,
including DTRAX Spinal System. Figure 11.2
shows many of the key instruments comprising
the DTRAX Spinal System; these include:

» Fork Mallet

* Decortication Trephine
* Guide Tube

* Access Chisel

* Bone Graft Tamp

Indications for Use

This surgical technique is indicated for use in
skeletally mature patients with cervical spondy-
losis (C3-C7) and accompanying radicular
symptoms at a single level. The level of pathol-
ogy is confirmed by detailed patient history and
radiographic studies. Patients should have
received at least 6 weeks of non-operative treat-
ment prior to treatment with the device. The
devices are intended to be used with autogenous
bone graft and supplemental fixation, such as a
bone screw or an anterior plating system.

Contraindications
Contraindications include the following:

Cervical spondylosis, cervical myelopathy, cer-
vical kyphosis; infection; allergy to titanium;
pregnancy; Paget’s disease; renal osteodystro-
phy; cancer of the spine; obesity; rheumatoid
arthritis; bone absorption, osteopenia, poor
bone quality, and/or osteoporosis.

Surgical Technique

Operating Room and Patient
Preparation

Confirm the operating table and patient head sup-
port are both radiolucent so that these two objects
will not interfere with fluoroscopy. Check that there
is adequate space at the head of the table to place
and position C-Arm(s) and that there is sufficient
spacing away from the sterile field. After routine
intubation, place the patient in a prone position with
patient’s head on a foam donut with a slight flexion
of the head. Use tape to pull the patient’s shoulders
inferiorly and secure in place (Fig. 11.3).

C-Arm Preparation

Set up the C-Arm at the side of the table in AP
with the arm fully retracted. Find a clear AP view.
Advance the C-Arm while rotating the detector
back to find the lateral view. A fully retracted
C-Arm allows for finding the lateral view by
advancing the arm of C-Arm instead of moving
the whole machine. Returning to the AP position
only requires rotating the detector forward while
fully retracting the C-Arm. This C-Arm set up
allows clear imaging to be retained while rapidly
switching between views.

The use of two C-Arms is recommended for
ease of imaging which can improve safety and
significantly reduce the time length of the proce-
dure. If a second C-Arm is used, leave the first
C-Arm in the lateral position. Rotate the first
C-Arm 20-30° so that the arm is under the
patient’s shoulders. This provides room for the
second C-Arm under the patient’s neck. Place
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Fig. 11.3 Patient
preparation involves prone
positioning, head support
and pull-down of shoulders

Fig. 11.4 The use of two
C-arms for lateral and AP
views concurrently is
recommended

the second C-Arm at the head of the table and
with the arm fully advanced to find the AP view.
Finding the AP view with the arm of the second
C-Arm fully advanced allows the arm portion to
be retracted during the procedure to create work-
ing space for tools, then fully advanced to
quickly restore AP imaging. On the second
C-Arm add approximately 20° caudal/cranial
inclination; this adjustment, along with the flex-
ion of the head, allows an en face or near en face
view of the target facet joint (Fig. 11.4).

Skin Markings and Sterile Field

Images clearly demonstrating facet joint anatomy
are essential for proper preoperative skin mark-
ings. Use fluoroscopic guidance to identify
surgical border and level to be treated. Identify and

mark the medial and lateral borders of the facets
using AP view on fluoroscopy, a slender, straight
metallic instrument (e.g. K-wire or Steinman pin),
and surgical pen (Fig. 11.5). Identify and mark the
operative level using the same method (Fig. 11.6).
Prepare and drape the patient’s posterior neck in a
routine sterile fashion. It is recommended the
C-Arm(s) remain in place during this portion so
that the radiological markers are not lost. Open the
kits containing the surgical instruments and
implants. Arrange the instruments in the order in
which they will be used (Fig. 11.7).

Establish Trajectory and Access
the Facet Joint

Use a spinal needle to confirm the trajectory
under fluoroscopic guidance (Fig. 11.8a). Due
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to the acute angle of the facet joint the trajec-
tory often results in the entry point being
located approximately two finger widths
below the target level. Reinsert or reposition
the spinal needle as needed until the correct
trajectory is confirmed. The correct trajectory
will match the angle of the facet joint
(Fig. 11.8b). Repeat this process for the

Fig. 11.5 The medial and lateral borders of the facets are
identified using AP view

Fig. 11.6 The operative
level is identified and
marked on the patient

contralateral side. If desired the needles may
be used to administer local anesthesia and/or
epinephrine for pain or bleeding control.
Remove the first spinal needle while leaving
the contralateral needle in place to provide a
guidance reference.

Make initial incision at the midline by the
confirmed entry points and carry through the
subcutaneous tissue and the fascia. Use a hemo-
stat to spread the fascia and paraspinal muscles
laterally. Direct visualization of the surgical site
with the naked eye can be achieved. Under AP
fluoroscopic guidance, advance the Access
Chisel through incision with the chisel blade in
the vertical position until bone is reached
(Fig. 11.9a). Rotate the Access Chisel 90°. Using
control in AP and lateral fluoroscopy, find the
superior portion of the facet joint, lower Access
Chisel tip to find and cut the capsule of the joint,
and advance the Access Chisel into facet joint
using hand pressure and/or light malleting
(Figs. 11.9b, ¢).

Decorticate the Lateral Masses
and Establish Working Channel

Advance the Decortication Trephine over the
Access Chisel until the distal tip contacts bone
(Fig. 11.10a, b). Decorticate each lateral mass
with 10° rotations of the Decortication Trephine.
This action will strip the muscle subperiosteally
and create bleeding from the bone. Disengage and
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Fig. 11.7 Typical
arrangement of instruments
for surgery

Fig. 11.8 (a) The spinal
needle confirms trajectory
under fluoroscopic
guidance. (b) The spinal
needle is positioned to
match the angle of the
facet joint
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Fig. 11.9 (a) The Access Chisel is advanced until bone is reached. (b) The Access Chisel tip is lowered to find and cut
the capsule of the joint. (¢) The Access Chisel is advanced into facet joint

retract Decortication Trephine from the lateral
mass before rotating to address the inferior lateral
mass. Remove Decortication Trephine by retract-
ing it while maintaining position of the Access
Chisel. To establish the working channel, place
the Guide Tube over the Access Chisel. Use the
Fork Mallet to advance the Guide Tube into the
facet joint. Verify Guide Tube placement on both
lateral and AP views. Proper and final Guide Tube
depth is achieved when the markers are at the
entry point of the facet joint on lateral view and
the Guide Tube is centered between the medial
and lateral borders of the facet joint on AP view
(Fig. 11.11). Remove the Access Chisel while
maintaining position of the Guide Tube in the
facet joint.

Decorticate the Facet Joint

Insert the Decortication Rasp through the Guide
Tube and advance using the Fork Mallet until the
upper handle of the Decortication Rasp locks with
the handle of the Guide Tube (Fig. 11.12). Retract
the Decortication Rasp by inserting the screwdriver
head of the Fork Mallet into the space between
handles and turning. This allows controlled
removal of the Decortication Rasp while maintain-
ing the position of the Guide Tube in the facet joint.
Turn the Decortication Rasp 180° and advance into
the joint. Retract as before using the screwdriver
head of the Fork Mallet. Remove the Decortication
Rasp and clean off bone and cartilage. Reintroduce
the Decortication Rasp and repeat these steps to
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Fig. 11.10 (a) Detailed
view of the Decortication
Trephine, which is
advanced over the Access
Chisel. (b) The
Decortication Trephine is
advanced over the Access
Chisel until the distal tip
contacts bone

further decorticate, achieve bleeding of the bone,
and remove joint material. Remove the
Decortication Rasp one last time while maintain-
ing position of the Guide Tube in the facet joint.

Implant the DTRAX Cervical Cage
and Apply Bone Graft Material

Prepare the DTRAX Cervical Cage (Cage) by
packing with fusion material. The DTRAX

Cervical Cage is preloaded on a delivery instru-
ment. Under AP and lateral fluoroscopic control,
advance the DTRAX Cervical Cage Delivery
Instrument (Cage Delivery Instrument) into the
Guide Tube until its handle locks with the handle
of the Guide Tube (Fig. 11.13a). Malleting may
be required to fully insert implant and distract
target joint. If malleting is needed maintain
downward pressure on the Guide Tube to ensure
it remains positioned in the facet joint during
malleting.
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Fig. 11.11 The Guide Tube is advanced into the facet joint using the Fork Mallet

Fig. 11.12 The Decortication Rasp is advanced through
the Guide Tube until the upper handle of the Decortication
Rasp locks with the handle of the Guide Tube

Use AP & Lateral fluoroscopy to confirm
proper placement of the Cage. The Cage should
be in the middle of the facet joint, centered

between the medial and lateral borders of the
facet joint as identified by fluoroscopic views
(Fig. 11.13b). Once proper cage position is con-
firmed, locate the knob on the handle of the
Delivery Instrument and turn the knob counter
clockwise to release the Cage from the Delivery
Instrument. When fully released, the knob will
move freely. Remove the Cage Delivery
Instrument by inserting the screwdriver head of
the Fork Mallet into the space between handles
and turning while maintaining position of the
Guide Tube. Insert bone graft material such as
demineralized bone matrix, into the top of the
Guide Tube (Fig. 11.14). Introduce the Bone
Graft Tamp into the Guide Tube and advance to
push the bone graft material into the prepared
bony surfaces, i.e. the decorticated lateral masses.
Final control and verification of Cage positioning
using AP and lateral fluoroscopy is recommended
(Fig. 11.15).
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et

Fig.11.13 (a) The DTRAX Cervical Cage Delivery Instrument is advanced into the Guide Tube until it locks with the
handle of the Guide Tube. (b) AP & lateral fluoroscopy is used to confirm proper placement of the cage
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Sutures, Contralateral
Procedure, and Final Patient
Preparation

Close the paraspinal muscles, subcutaneous
tissues, and skin in layers with sutures.
Repeat the full procedure for the contralat-
eral facet joint of the target level. Apply a
sterile dressing. Apply external immobilizing
collar according to surgeons’ post-operative
protocol.

Fig. 11.14 Bone graft material is placed into the top of
the Guide Tube

Fig.11.15 AP and lateral
fluoroscopy is used to
confirm final cage
positioning

Clinical Evidence for Posterior
Cervical Indirect Decompression
and Fusion

A prospective, multi-center, single arm clinical
study was performed to assess clinical and radio-
graphic outcomes of patients with cervical radic-
ulopathy treated with DTRAX using a tissue
sparing indirect decompression and fusion poste-
rior procedure at one level. The patients were fol-
lowed over a period of 2 years following surgery
[27]. The study hypothesis was that indirect root
decompression with the DTRAX Expandable
Cage would provide clinical relief of radiculopa-
thy in patients with spondylosis with straight or
lordotic cervical spines that do not present with
symptomatic central canal stenosis necessitating
an anterior approach.

Sixty patients were initially enrolled into the
study, and 53 of them (88 %) were available at
2-year follow-up. The mean age at the time of
surgery was 52.8 years (range: 40-75 years). The
treated level was C3—C4 in three patients (5.7 %),
C4-C5in 6 (11.3 %), C5-C6 in 36 (67.9 %) and
C6—C7 in 8 patients (15.1 %). A significant
decrease was reported in the mean values of Neck
Disability Index (NDI) and Visual Analogue
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Scale (VAS) for the neck and arm pain as well as
an increase in SF-12v2 physical and mental
scores at each follow-up out to 2 years comparing
to the preoperative values. There were no signifi-
cant differences in clinical outcomes between
1-year and 2-year follow-up.

All patients showed improvement in the NDI
when compared to preoperative and this improve-
ment was maintained at 2 years. Of the 53
patients, 2 patients had an increase in arm pain
and 2 had an increase in neck and arm pain that
was reflected in VAS scores. Three patients had
no change in neck pain and one had no change in
neck and arm pain scores for VAS.

The most common device-related adverse
events were shoulder pain and paresthesia. The
most common procedure-related adverse events
were postoperative pain, nausea, pain from bone
graft harvest site, and shoulder pain. Severe
adverse events included shoulder pain, shoulder/
elbow weakness, bilateral sciatica, flank pain,
mid-back pain, recurrence of neck pain, recur-
rence of arm pain, and acute exacerbation of
osteoarthritis in the knee. No procedure or
device-related serious adverse events were noted
during the 2-year follow-up. One patient report-
ing right shoulder pain was noted as a severe
adverse event, which was reported as procedure-
related. No revision surgeries were reported at
the index level or at adjacent levels. Finally, there
were no device migrations, expulsions, or break-
ages at the 2-year follow-up.

The radiographic fusion rate was reported in 52
of 53 patients (98.1 %). Radiographic fusion was
defined by less than a 2 mm change in interspinous
distance measured on flexion extension radio-
graphs taken at 24 months. The overall change in
interspinous distance was 0.78+0.58 mm with a
range of 0.04-2.16 mm. Translational motion at
the treated level of less than 2 mm were noted for
all of the 53 patients. There were no radiographic
signs of implant loosening, breakage, migration or
screw back-out. CT scans revealed evidence of
bridging bone in 93.3 % of patients at 12 months.

Cervical facet distraction implants for indirect
decompression for both radiculopathy and
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myelopathy were previously described by Goel
et al. [28]. Goel and colleagues used an open
approach to the posterior cervical spine followed
by placement of metallic dowels to treat single
and multilevel spondylotic disease; they reported
excellent results in 25 patients (70 %) with
6-month minimum follow-up. The radiographic
fusion rate at 2 years (98.1 %) with this tissue
sparing posterior procedure is comparable to
fusion rates reported after ACDF [29]. Clinical
results suggest that this posterior procedure is
able to achieve indirect neural decompression
without the need for directly decompressing the
involved nerve root. A cadaveric study by Tan
and colleagues supports the concept of posterior
indirect decompression; they demonstrated an
average increase in foraminal area of 18.4 % fol-
lowing placement of an interfacet spacer [30].
Furthermore, Leasure and Buckley recently
reported that the rate of indirect foraminal effec-
tive distraction from DTRAX was maintained in
flexed, extended, and axially rotated postures
[31]. Indirect foraminal decompression affords
potential advantages, specifically eliminating
risks associated with neural manipulation and iat-
rogenic direct neural injury.

Biomechanical Evidence
for Posterior Cervical Indirect
Decompression and Fusion

Until recently, the ability of the DTRAX
Expandable Cage to effectively decompress the
cervical foramen had yet to be proven. The effi-
cacy of this device depends on many factors,
including decreased range of motion at the instru-
mented level, distraction of the affected foramen,
and maintenance of its deployment position dur-
ing repeated bending motion and loading. Ideally
the device should perform favorably during each
scenario as a stand-alone fixation device and
potentially also as part of an anterior-posterior
fixation construct.

The previously mentioned study by Leasure
and Buckley was conducted to evaluate the
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biomechanical efficacy of the DTRAX cervical
cage in vitro [31]. Three aspects of device perfor-
mance were addressed, including acute stabiliza-
tion, neuroforaminal distraction, and migration
of the implant over time due to repeated loading.
Stand-alone cervical cage and the cage supple-
mented with anterior plating were tested. The
results of this study indicate that a stand-alone
cage substantially increases intervertebral stabil-
ity, does not loosen within the cervical facet joint
during repeated bending loads, and maintains
decompression of the cervical nerve roots through
extension.

Additionally, the cervical cage successfully
increased the neuroforaminal space in 83 % of
Leasure and Buckley’s observations. Foraminal
area was increased by the cage during flexion,
extension, axial rotation, lateral bending, and
when left in the neutral position. The cage pro-
duced bilateral area increases or unilateral area
increases with no adverse effects on the contra-
lateral foramen in a majority of the observations.
Flexion, extension, and axial rotation all pro-
duced successful area increases of the foramen at
a rate above 75 %. These results are expected
considering flexion motion results in distraction
of the foramen even in the intact state. Successful
increases in area of the foramen during extension
supports the effect of DTRAX’s ability to main-
tain area increases when a decrease would be
expected. Lateral bending produced a higher suc-
cess rate in the cage’s ability to open the foramen
contralateral to the direction of bending while
50 % of observations were successful in the fora-
men ipsilateral to the direction of the bend.

Application of circular, metallic, posterior
cervical implants and allograft spacers was
reported by both Goel et al. and Tan et al., respec-
tively. Neither of the authors reported the effects
of the spacers on range of motion and there was
no biomechanical testing performed [28, 30].
The authors reported that distraction of the cervi-
cal facets can lead to immediate stabilization-
fixation of the spinal segment and increase in
space for the spinal cord and nerve roots. Goel
and Shah noted that stabilization at the fulcrum
of cervical spinal movements provided a ground
for segmental spinal arthrodesis. They concluded
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that immediate postoperative improvement and
lasting recovery from symptoms suggest the
validity of the procedure.

Although bilateral placement of DTRAX
implants has been shown to result in a decrease of
range of motion at the index level [31], no biome-
chanical studies have evaluated the biomechani-
cal effects of the implant with the use of an
anterior cervical plate construct. This investiga-
tion is currently underway by Avinash
Patwardhan, Ph.D. and Leonard Voronov, M.D.,
Ph.D. at the Musculoskeletal Biomechanics
Laboratory at Loyola University-Chicago and the
Edward Hines Jr VA Hospital.

Conclusion

Current surgical treatment options for cervical
radiculopathy remain largely invasive with
considerable comorbidities, suggesting a need
for less invasive approaches for select patients
where conservative management has failed.
This chapter introduces a novel, tissue sparing
approach for effective treatment of cervical
radiculopathy evidenced by clinical outcomes,
radiography, and biomechanical analysis. The
surgical technique and implant described here
present a less invasive option that is successful
in achieving indirect decompression of the
nerve root and cervical fusion, ultimately pro-
viding a clinically significant improvement in
patient pain and disability scores.
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Background

Efficient instrumented fusion of the cervical
spine by means of screw and plate or screw and
rod fixation represents a multifaceted and pecu-
liar challenge to the spinal surgeon.

This is determined by a series of conditions
that characterize this anatomical segment. On the
one hand the cervical spine is the most mobile
segment of the spinal column and exposed to a
high risk of acceleration trauma, such as in whip-
lash injuries, as it serves as a carrying pillar for
the relatively heavy skull and its contents. On the
other hand it is the most delicate segment of the
vertebral column with thin bony structures, espe-
cially in the posterior segments, and only a rela-
tively small surrounding support structure given
by the neck muscles when compared to the
remaining spinal sections.

This peculiarity of the cervical spine, where
high ranges of movement and potentially high
acceleration forces on all three spatial planes
encounter a delicate musculoskeletal structure,
make a sound fixation in case of congenital or
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destructive destabilization absolutely mandatory.
Being able to perform a 360° cervical spine
fusion is therefore of paramount importance for
the spinal surgeon who wishes to engage in treat-
ing complex cervical spine pathology. Posterior
instrumented fixation with lateral mass screws
has opened up the path for complex cervical
spine surgery delivering the first technique to
integrate from the posterior aspect the already
further developed anterior approaches being both
versatile and biomechanically sound.

Introduction

Lateral mass screw (LMS) fixation of the subax-
ial cervical spine has gained increasing diffusion
in the spinal surgical community over the last two
decades, thus integrating the anterior approaches
already established for a longer time.

The first description of Roy-Camille using a
technique of screw and plate fixation in the poste-
rior cervical spine comes almost exactly 20 years
after Orozco Delclos and Llovet Tapies describe
an anterior cervical plate in 1970 and this, in turn,
comes 15 years after the first description of
Smith-Robertson’s anterior cervical discectomy
and fusion in 1955 [1-3].

It should, however, not be forgotten that the
first approaches of fixation of the cervical spine
involve the posterior aspect and date as far back
as 1891 when Dr. Berthold Earnest Hadra first
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Fig. 12.1 Postoperative cervical spine x-rays in the anteroposterior and lateral projections of a C5-7 LMS fixation

described a wire fixation technique using the spi-
nous processes as anchoring points [4] During
the years the techniques of wiring and placement
of hooks evolved having, however, the need for
the presence of the posterior elements as a limit-
ing factor in those settings where fixation is
needed to integrate a posterior decompression.
The absence of spinous processes and laminae
makes wiring and hook techniques unfeasible.
With the advent of LMS and plate fixation the
presence of the laminae and spinous processes was
no longer needed making it therefore a very versa-
tile tool in posterior cervical spine surgery and
with the technical improvement of the hardware
the possibilities of even complex correction sur-
geries have clearly evolved (Figs. 12.1 and 12.2).
We will now carry on to describe the surgical
technique of the main LMS fixation procedures.

Surgical Techniques

Four techniques of LMS fixation have been more
diffusely described and compared.

The original Roy-Camille procedure was
modified by Magerl, Anderson and An. While all

Fig. 12.2 Intraoperative photograph of a three level LMS
fixation of the subaxial spine. Note the wide decompression
and dural exposure with removal of all posterior elements
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four techniques are conceptually the same,
involving the placement of a screw in the width
of the lateral mass, they differ in the entrance
point for screw insertion and in the orientation of
screw trajectory.

This is due to the attempt of the various
authors to find the ideal combination of maxi-
mum screw purchase and minimum risk of injury
to the exiting cervical nerve root and the vertebral
artery in the transverse process of the cervical
vertebra.

Approach to the Posterior
Cervical Spine

While the initial exposure of the posterior aspect
of the cervical spine is not specific to LMS instru-
mentation procedures it is worth underlining
some peculiar steps from skin incision to muscle
dissection that will facilitate the entire procedure.

In approaches to the posterior cervical spine,
especially if only a single level fixation is
contemplated, it is worth it to plan the skin inci-
sion with lateral fluoroscopic control. Particular
attention should be paid not only to the rostrocau-
dal extension of the incision but also to the orien-
tation of the deepening of the incision as muscle
dissection proceedes. This will help minimizing
the extent of muscle dissection, bleeding and
injury to the zygoapophyseal joint capsules not
involved in the fusion. Contrarily to pedicle
screw insertion techniques, LMS insertion
requires a diverging screw trajectory, thus not
requiring extensive muscle dissection rostrally
and caudally to the instrumented levels for appro-
priate muscle retraction.

If instrumentation is confined to subaxial lev-
els, attention should be paid not to dissect the rec-
tii capitis and oblique muscles off the posterior
aspect of C2 to avoid unnecessary destabilization
of the craniocervical junction.

Holding to the midline after incision of the
fascia and meticulous dissection of the paraspinal
muscles off the spinous processes and laminae
can help avoid excessive bleeding often encoun-
tered in the posterior cervical spine due to large
paraspinal venous plexuses.
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Finally, a clean dissection of the levels to be
instrumented is mandatory to correctly identify
the surgical landmarks which essentially consist
in the midpoint of the lateral mass on its posterior
aspect. Inferior, superior and lateral confines of
the lateral mass to be instrumented should thus be
clearly identified.

Once the midpoint of the lateral mass is iden-
tified, the four techniques proceed according to
their specific indications.

Roy-Camille

The entry point for screw positioning is exactly in
the center of the posterior surface of the lateral
mass. On the sagittal plane the trajectory is
obtained by aiming anteriorly with an inclination
perpendicular to the posterior surface and on the
axial plane by aiming laterally at 10° degrees
(Fig. 12.3).

Magerl

The entry point is 2 mm medial and 2 mm supe-
rior to the center of the posterior facet of the lat-
eral mass. On the sagittal plane the trajectory is
oriented cephalad at an angle so as to parallel the
joint space and on the axial plane it goes laterally
at an angle of 25-30° (Fig. 12.4). In this tech-
nique, given that the cephalad orientation on the
sagittal plane parallels the facet joint, this land-
mark can be used in two ways to help guiding
screw insertion: a thin straight dissector can be
inserted into the joint space between two levels
that need to be instrumented, thus guiding orien-
tation, or lateral fluoroscopy can be used to plan
the trajectoy, paralleling the cephalad and caudad
facet joints.

An

The entry point is two mm medial to the midpoint
of the lateral mass at the same height. On the sag-
ittal plane the trajectory is oriented 15° cephalad
and on the axial plane 30° laterally (Fig. 12.5).
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Fig. 12.3 Schematic drawing of cervical vertebrae
depicting on top a view from behind. Note the entry point
at the center of the dorsal aspect of the lateral mass
(Ebraheim et al. [5]. Reprinted with permission)

Anderson

The entry point is again two mm medial to the
midpoint of the lateral mass at the same height.
On the sagittal plane the trajectory is oriented
30—40° cephaladly and on the axial plane 10° lat-
erally (Fig. 12.6).

Once the trajectories have been made accord-
ing to one or the other technique, as far as screw
diameter and length are concerned, nowadays
most manufacturers have a cervical instrumenta-
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Fig. 12.4 Schematic drawing of the Magerl technique.
Note that the entry point is slightly medial and cranial
with respect to the center point (Ebraheim et al. [5].
Reprinted with permission)

tion kit in their program and standard screw
diameter is 3.5 mm with a rod of the same mea-
sure. In terms of screw length, as we will see in
the next section, bicortical purchase should be
obtained in order to achieve the highest biome-
chanical resistance of the implant. Average screw
length, based on anatomical studies, is around
15 mm from dorsal to ventral cortex but this is
just an indicative value.
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Fig. 12.5 Schematic drawing of the An technique. The
entry point is slightly medial and at the same level of the
center point (Xu et al. [8]. Reprinted with permission)

Actual screw length is case specific and the
authors suggest the use of a fine tip ball probe
to explore the screw hole once probed. With
some experience it can be quite reliably felt
when the ball tip exits the breached ventral cor-
tex and the position of the probe is then held
just at that point while a small Mosquito clamp
is attached to the probe flush with the dorsal
cortex. Once retracted the distance between the

Fig.12.6 Schematic drawing of the Anderson technique.
The entry point is the same as for the An technique (Xu
et al. [8]. Reprinted with permission)

Mosquito and the ball tip is then measured and
this quite reliably gives an indication for the
actual screw length. Some manufacturers offer
specific depth gauges in their instrument kits to
perform these measurements.

In any case it is important not to overpenetrate
the ventral cortex too much as we will see in the
next section.
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Comparison of the Four Techniques

Among the four techniques illustrated, the
Magerl technique seems to have gained the wid-
est diffusion in the literature describing case
series. This is most likely due to the fact that the
cephalad orientation on the sagittal plane is indi-
cated as having to be parallel to the joint spaces.
This obviously furnishes the surgeon with a pre-
cise landmark, at least on this plane, that can be
reliably identified either by insertion of a dissec-
tor into the joint space or by fluoroscopy as out-
lined above (Fig. 12.7).

While identification of the inclination on the
sagittal plane is quite straightforward also in the
Roy-Camille technique, where it should be ori-
ented perpendicularly to the posterior plane of
the lateral mass, on the axial plane the inclination
of 25-30° in Magerl’s technique probably gives
surgeons more confidence in knowing to avoid
transverse foramen breaching and thus potential
vertebral artery injury with respect to the 10°
divergence in the Roy-Camille technique even
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Fig. 12.7 Intraoperative fluoroscopic image of the cervi-
cal spine in the lateral projection. LMS fixation of C3-4
according to the Magerl technique. Note the trajectories of
the screws parallel to the joint space
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though this inclination was obviously designed to
avoid the vertebral artery just as reliably.

Vertebral artery injury does, in fact, not appear
to be a concern in the literature, as we will see
further ahead, and comparative anatomical stud-
ies that compare the safety of LMS techniques
have looked at which technique represents the
highest risk for nerve root injury.

Ebraheim et al. [5] have carried out an ana-
tomical study comparing the Magerl and Roy-
Camille techniques in order to identify maximum
screw length and related hazard of injury to the
exiting nerve root. In their paper they make the
premise that bicortical purchase of the screws
yields higher biomechanical stability, as stated in
previous studies, and thus examined the location
of the nerve root with respect to the screw tip
once this has exited the distal cortex. Considering
that anatomically, the spinal nerve exiting from
the intervertebral foramen courses in an antero-
lateral and inferior direction and is situated
directly in the front of the medial portion of the
superior facet and the posterior ridge of the trans-
verse process, they made the following observa-
tions: The cervical specimens from their study
showed that the spinal nerve lies directly in front
of the Roy-Camille screw’s trajectory in all spec-
imens. The spinal nerve will therefore be pene-
trated if the screw is too long, even though the
screw’s entrance point and trajectory are correct.
The mean distance between the ventral or distal
cortex of the lateral mass and the spinal nerve
along the screw path measured 1.2-2.3 mm.

With the Magerl technique only in 21 % of
specimens the nerve root was located in front of
the screw’s trajectory, although most were located
just below the screw’s path. Risk of nerve root
injury with Magerl’s technique was highest in the
lower cervical levels.

They therefore conclude suggesting that ide-
ally penetration of the ventral cortex for bicorti-
cal purchase should not be higher than 1 mm as
this would represent the safety zone in all
instances.

Xu et al. [6], of the same group, one year later
published another study comparing Magerl’s
technique with the An and the Anderson tech-
nique. In this study, which again is a cadaveric
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study, they placed 20 mm screws to overpenetrate
the lateral mass on purpose in order to create a
nerve root conflict. They then dissected the speci-
mens and established the screw-nerve relation-
ship in particular to the dorsal and ventral ramus.

In their series the overall percentage of nerve
violation was significantly higher with the Magerl
(95 %) and Anderson (90 %) techniques than
with the An (60 %) technique (P>0.05). The
largest percentages of nerve violation for the
Magerl, Anderson, and An screws were found at
the dorsal ramus (50 %), the bifurcation of the
ventral dorsal ramus (45 %), and the ventral
ramus (55 %), respectively.

They conclude that the results of this study
indicate that the potential risk of nerve root viola-
tion is higher with the Magerl and Anderson tech-
niques than with the An technique.

While such studies are certainly highly impor-
tant in order to establish in particular the amount
of risk every single technique carries, it has to be
kept in mind that they are performed with the use
of measuring devices on a cadaver and that the
in-vivo conditions generally entail the surgeon
estimating the inclination based on his or her
experience. Under such conditions a difference
of 10° inclination in an angle can easily occur
making it thus difficult to effectively differentiate
between the techniques and to know whether the
intended angulation is effectively being applied.

Pal et al. [7] have carried out a study starting
from the assumption that estimation of the angle
of inclination during LMS positioning remains
arbitrary and would appear to be very much oper-
ator dependant.

The aim of their study was to assess how accu-
rately the lateral trajectory angle of 30° is
achieved by visual estimation amongst experi-
enced surgeons in a tertiary spinal unit and to
determine the likelihood of neurovascular injury
during the procedure. They chose an anatomical
‘sawbone’ model of the cervical spine with simu-
lated lordosis. The senior author marked the entry
points. Five spinal consultants and five senior
spinal fellows were asked to insert 1.6-mm K
wires into the lateral masses of C3 to C6 bilater-
ally at 30° to the mid- sagittal plane using the
marked entry points. The lateral angulation in the

transverse plane was measured using a custom
protractor and documented for each surgeon at
each level and side.

The overall mean angle of insertion was 25.15
(range 20.4-34.8). The overall SD was 4.78.

They concluded that a moderate but notable
variability in trajectory placement exists between
surgeons during insertion of cervical lateral mass
screws. Freehand estimation of 30° appears
therefore to not be consistently achieved between
surgeons and levels and in patients with gross
degenerative or deformed cervical spine anat-
omy, this may increase the risk of neurovascular
injury.

The same group, in a paper of Bayley et al.
[8], suggest the use of the ipsilateral lamina as a
guidance for determination of the axial angle of
insertion. They performed a CT based measuring
study to determine whether alignment of the
LMS trajectory parallel to the ipsilateral cervical
lamina reliably avoids vertebral artery violation
in the sub-axial cervical spine. They placed a vir-
tual trajectory through the lateral mass parallel to
the ipsilateral lamina and found that in all cases
this would avoid vertebral artery injury while
delivering a precise landmark that can thus help
in determining axial inclination. Limitations of
this technique are, however, that the length of lat-
eral mass available for bony purchase ranges
from 5 to 7 mm and could in some cases not
encounter sufficient bone stock at the C3 and C7
level as, for example, in female patients.

Safety of LMS Techniques

Even though the potential hazards of vertebral
artery or nerve root injury in LMS positioning
would appear quite obvious, given the vicinity of
these structures to the screw path traversing and
exiting the lateral mass, the literature available
shows quite consistently that it is a safe proce-
dure with small complication rates.

Kim et al. [9] report in a prospective study on
the evaluation of 1256 lateral mass screws posi-
tioned in 178 consecutive patients at their institu-
tion. Their technique, that appears to be a
combination of Magerl’s and An’s in terms of
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entry point and inclinations, and is executed
“freehand”, with only an initial lateral radiograph
for level determination, they describe an inci-
dence of foramen transversarium (FT) violation
of 0.876 % with, however, no case of vertebral
artery injury. FT violation was most common at
C6 (6/11 violations). Mean divergent angle in
cases of FT violation was 15.0° and was signifi-
cantly smaller than that of safe cases. They report
no violation of an intervertebral foramen and an
incidence of facet violation of 1.433 %.

Coe et al. [10] have conducted a systematic
literature review to describe the safety profile and
effectiveness of LMS fixation. They found twenty
articles (two retrospective comparative studies
and eighteen case series) that satisfied the inclu-
sion and exclusion criteria.

Both of the comparative studies involved
comparison of lateral mass screw fixation with
wiring and indicated that the risk of complica-
tions was comparable between treatments (range,
0-7.1 % compared with 0-6.3 %, respectively).
In one study, the fusion rate reported in the screw
fixation group (100 %) was similar to that in the
wiring group (97 %). Complication risks follow-
ing lateral mass screw fixation were low across
the 18 case series. Nerve root injury attributed to
screw placement occurred in 1.0 % (95 % confi-
dence interval, 0.3—1.6 %) of patients. No cases
of wvertebral artery injury were reported.
Instrumentation complications such as screw or
rod pullout, screw or plate breakage, and screw
loosening occurred in <1 % of the screws inserted.
Fusion was achieved in 97.0 % of patients across
nine case series.

They conclude that the risks of complications
were low and the fusion rate was high when LMS
fixation was used in patients undergoing poste-
rior cervical subaxial fusion.

Conclusions

LMS fixation has changed the face of surgery
in the cervical spine. While similar to wiring
techniques in terms of complication and
fusion rates it is, however, certainly more ver-
satile and thus efficient. This is due to the fact
that no posterior elements are needed, there-
fore enabling the surgeon to associate it with
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wide compressions or to employ it in case of
revision surgeries where a decompression had
already been performed [11]. Furthermore,
the screw and tulip setup of modern systems
delivers the possibility to associate subaxial
cervical fixations easily with craniocervical
fixations or dorsal fixations via appropriate
transition rods or domino connectors due to
the modularity that this technique permits
with the appropriate systems.
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Introduction

Spondylosis is the most common cause of neural
dysfunction in the cervical spine. The degenera-
tive changes of ageing typically herniated disc,
osteophyte formation and hypertrophied liga-
ment may compress the spinal cord to present
symptomatically as neck pain, radiculopathy,
myelopathy or radiculo-myelopathy [1]. Anterior
cervical discectomy or multilevel somatectomies
with fusion are common surgical procedures for
patients suffering pain and/or neurological defi-
cits and unresponsive to conservative manage-
ment [2].

Several authors, including Smith-Robinson
[3], Cloward [4], Bailey and Badgley [5], and
Simmons and Bhalla [6], have described various
methods of anterior cervical fusion. These meth-
ods were developed in the 1950s and 1960s and
serve as the historical foundation for modern
reconstruction techniques. Robinson et al.
described the use of a horseshoeshaped tricortical
graft removed from the anterior iliac crest; in
their technique, the bony endplates are preserved
during discectomy and the tricortical graft is
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impacted into the disc space. Cloward described
a technique using a cylindrical drill to create a
round hole centered at the disc; fusion was
achieved by impacting a slightly oversized cylin-
drical dowel of bone into the hole. Simmons et al.
described the use of a keystoneshaped graft for
anterior cervical fusion; the keystone graft was
developed to increase graft stability and provide
a larger surface area of cancellous bone to
enhance bony fusion. Bailey and Badgley
described a method of anterior fusion of the cer-
vical spine using a strut of iliac crest bone placed
into a trough prepared in the cervical vertebra.
The success of these procedures relie on a
thorough decompression and development of a
solid osseous fusion [7-9]. For single level dis-
cectomy with autogenous bone fusion, anterior
cervical discectomy and fusion can achieve a
92-100 % fusion rate [10] and 70-90 % neuro-
logic and symptomatic improvement [11, 12].
Howeyver, in multilevel discectomies or somatec-
tomies, the success rate declines as the number of
levels increase [13]. In cervical degenerative dis-
eases, the literature supports a consistent rate of
10-12 % non-fusion (pseudoarthrosis) for single
level anterior discectomy and autogenous bone
fusion, 20-27 % for 2-level, and approximately
30-56 % for 3-level fusions [14, 15]. Non-fusion
accounts for 80 % of spinal surgery failures [16].
Graft collapse with autogenous bone is also
reported in 20-30 % of multilevel fusion [17].
Even with solid fusion, kyphosis of spinal curve
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Fig. 13.1 CT scan sagittal view showing C6-C7 somatectomies and tri-cortical iliac strut graft and anterior plating (a).
Postoperative posteroanterior X-ray view of the same patient (b)

often develops in multilevel discectomies with
autogenous iliac crest graft fusion [18, 19].
Cervical plate fixation may decrease the micro-
movement of the cervical spine, enhance the
fusion rate, and correct spinal curve to physio-
logic lordosis (Fig. 13.1a, b) [20]. Plate compli-
cation rate varied from 2.2 to 24 % and included
screw pullout and breakage [21, 22], injury of
laryngeal nerve [23], injury of esophagus, injury
of spinal cord or root, injury of vertebral artery,
and wound infection [24, 25].

Bone graft in anterior cervical surgery is used
to achieve several goals. Structural grafts are
used to reconstruct anterior column defects and
restore the load-bearing capacity of the cervical
spine. Bone grafts may be shaped to restore the
normal lordotic posture of the cervical segment.
Bone graft also performs a biologic role in pro-
moting a bony fusion, which spans the spinal

defect and achieves long-term stability. To be
successful, bone grafts must be able to fulfill suc-
cessfully the dual role of providing structural
support and achieving a solid fusion [26].

Various materials have been used for inter-
body grafts in anterior cervical fusion [27]. To
supplement the bone graft, a number of fusion
devices have been developed over the past
decades for stand-alone use or in conjunction
with anterior or posterior instrumentation
(Fig. 13.2a, b).

Cervical Spinal Devices

The objective of these spinal devices is to immo-
bilize the unstable degenerated motion segment
so that bony fusion can occur. Currently three
types of spinal fusion devices are available:
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Fig. 13.2 Intraoperative X-ray image showing anterior
plating after multilevel somatectomies and positioning of
expandable vertebral bodies substitute (a). CT scan axial

Fig. 13.3 Intraoperative picture showing expandable ver-
tebral bodies substitute inserted into the corpectomy
defects

horizontal cylinders, vertical rings and open box
cages (Fig. 13.3). We evaluated different fusion
material devices: carbon fiber, polyetheretherke-
tone (PEEK) and titanium [14, 28, 29].

Carbon fiber implants seem to present better
osteointegration in comparison to metallic mate-
rials. The elasticity of carbon fiber implants,

view showing mature bony trabeculae inside the expand-
able device of the same patient (b)

almost equal to that of cortical bone, reduces the
so-called phenomenon of “stress protection.” In
other words, it allows distribution of the physio-
logic load to the bone graft inside the implant,
thus stimulating bone formation and improving
the quality of fusion [30, 31] with less involve-
ment of stress the adjacent vertebral segments.
The advantages are obvious: radiolucency to
assess fusion, a more compatible modulus of
elasticity compared to titanium, and the ability
for precision design and mass production.
Potential drawbacks include fracture as a stand-
alone device without anterior plating or a reactive
inflammatory response to carbon [32]. Carbon
debris does not seem to be problematic with the
interbody space, as it is not exposed to a synovial
joint. Carbon can fracture with loading, so it
remains unclear as to the requirement of an addi-
tional anterior osteosynthetic support structure,
such as a plate [33].

PEEK is a semi-crystalline polyaromatic lin-
ear polymer having a good combination of
strength, stiffness, toughness and environmental
resistance. PEEK cages are biologically inert and
have high versatility and out-standing mechani-
cal properties, including high strength in all
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directional planes, elasticity close to that of bone,
impact and fatigue resistance [34]. In addition,
PEEK is radiolucent, allowing a better radio-
graphic assessment of bone fusion than titanium;
the position of the cage can be assessed by radi-
opaque lines incorporated within the cage. Even
if the data are still limited, PEEK cages seem to
be MRI and CT compatible and cause no relevant
artifacts that would reduce the clarity of imaging.
Moreover, PEEK cages do not induce a corrosive
reaction to contiguous vertebral bodies and show
excellent properties at pull-out and mechanical
compression tests [35]. Bone grows in response
to applied stress and will be reabsorbed if a
mechanical stimulus is lacking. Thus, stress
shielding due to a high elastic mismatch between
implant and bone can detrimentally influence
bone growth, resulting in cortical thinning. In
accordance with Williams et al. [36], these phe-
nomena can be avoided by using cages made by
pure PEEK possessing an elastic modulus close
to that of bone grafting material.

The list of titanium benefits is lengthy. This
makes it incredibly useful for a number of differ-
ent industries, including the automotive, aerospace
and architectural worlds. But because titanium
resists corrosion, is biocompatible and has an
innate ability to join with human bone, it has
become a staple of the medical field, as well. From
surgical titanium instruments to orthopedic rods,
cages, mesh, pins and plates, medical titanium has
truly become the fundamental material used in
medicine. Titanium Ti 6Al4 V and Ti 6A14 V
ELI alloys made of 6 % Aluminum and 4 %
Vanadium, are the most common types of titanium
used in medicine. Benefits of medical titanium are:
strong, lightweight, corrosion resistant, cost-effi-
cient, non-toxic, biocompatible (non-toxic and not
rejected by the body), long-lasting, non-ferromag-
netic, osseointegrated (the joining of bone with
artificial implant), long range availability, flexibil-
ity and elasticity rivals that of human bone. Two of
the greatest benefits of titanium are its high
strength-to-weight ratio and its corrosion resis-
tance. Couple this with its non-toxic state and its
ability to fight all corrosion from bodily fluids and
it’s no wonder titanium has become the metal of
choice within the field of medicine.

Use of different devices (cages, mesh, plates)
can help to get a primary mechanical stability of
the segment operated but the fusion processes,
which can't ignore the stability worth the evolu-
tion in non-union, have as main actor bone graft
whether autologous, eterologous, synthetic bone
graft substitute or factor and cell-based
approaches for bone graft substitutes.

Bone Grafts
Autograft

Cortico-cancellous bone harvested from the iliac
crest is widely used for the cervical spine
(Fig. 13.4). A systematic review of the literature
reported autograft to have a mean arthrodesis rate
of 77 % [26]. In one-level non-instrumented pro-
cedures, autograft fusion rates are a reported
83-99 % [37], but decreases with number of lev-
els fused [38]. Autograft experiences relatively
few incidences of graft complication, such as
graft collapse or migration, and is biocompatible,
poses no risk of disease transmission and is non-
immunogenic [39]. For these reasons, autograft
remains the standard of care for cervical spinal
fusion. Unfortunately, the stipulation of a second

Fig. 13.4 Posteroanterior X-ray of pelvis after the har-
vest of tri-cortical iliac strut graft on the right side
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surgical site not only increases operative time
and blood loss but introduces significant donor
site morbidity. Although the risk of harvest site
morbidity has been suggested to be overstated, it
is generally accepted within the literature to be of
significant concern [40]. A retrospective study of
one-level anterior cervical fusion found 26.1 %
of patients suffered persistent pain and 15.7 %
experienced numbness at the harvest site [41].
Functional assessment revealed impairment in
ambulation (12.7 %) and other daily activities.
Many other complications have been observed
including infection, hematoma, bruising, pelvic
fracture, periotoneal perforation, hernia, gait,
ureteral injury, reoperation and poor cosmesis
[42, 43]. Rawlinson reported 31 % of patients felt
donor site pain caused them to remain in hospital
longer than if they had not had that procedure
[44]. Finally, there are inherent limitations with
supply and occasionally, autograft quality. Some
authors have investigated the harvest of autograft
from alternative locations, such as the fibula [45],
cervical vertebrae [46], clavicle [47], and the
manubrium [48], so as to retain the advantages of
autograft whilst circumventing its associated
morbidity, to varying success. Others have
explored the effectiveness of iliac crest recon-
struction using synthetic materials in alleviating
postoperative pain, with mixed results [49, 50].

Allograft

Allograft is the most commonly used non-
autogenous grafting material in spinal surgery,
and 35 % of all bone transplantations involve the
use of human allograft tissues [51]. Mineralized
allograft is primarily osteoconductive, with weak
osteoinductive capacity and no osteogenic poten-
tial because graft cells do not survive processing
and transplantation. Allograft used for orthope-
dic applications is fresh frozen, freeze-dried, or
demineralized. The method of preparation has
significant effects on graft strength, immunoge-
nicity, capacity for incorporation, and potential
for disease transmission. Fresh-frozen allografts
retain much of their original mechanical strength,
while freeze-drying can reduce graft strength up
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to 50 % [52]. The freezing process also reduces
immunogenicity of allografts [53]. The effect of
immunogenicity in compromising graft incorpo-
ration may be significant [54-56]. Transmission
of disease from donor to recipient is a problem
with human allografts. The principle pathogens
involved are human immunodeficiency virus
(HIV) and hepatitis viruses B and C. The risk of
disease transmission is determined by the rigor of
screening procedures for donors and tissue, and
the only cases of disease transmission in muscu-
loskeletal allografts from the method of graft
preparation to date have involved frozen, unpro-
cessed grafts [57]. Tissue processing techniques
include high pressure lavage to clear out marrow
elements and donor cells and chemical treat-
ments to eliminate viruses and reduce immuno-
genicity of the graft. The combination of donor
screening, tissue testing, and tissue processing
reduces the risk of viral transmission to less than
one event per million grafts [58]. Allograft is
available in many preparations. However, the
majority are composed of primarily cancellous or
cortical bone. Cortical allografts provide signifi-
cant mechanical stability and structural support,
while cancellous bone lends little mechanical sta-
bilization on implantation but has a faster rate of
incorporation. Cancellous allograft and particu-
late allograft preparations (cancellous or cortical)
incorporate with new bone forming on the sur-
faces of trabeculae, with a large surface area
available for new bone formation [54, 59]. In
contrast, cortical incorporation occurs slowly via
a process of periosteal new bone formation
around the allograft as an external callus derived
from the host bone [60]. Particulate and struc-
tural grafts demonstrate significant differences in
the histology of incorporation. Particulate grafts
demonstrate more rapid and complete revascular-
ization than structural grafts. Particulate bone
remodels completely with time, while cortical
bone remains a mixture of necrotic and viable
bone. The process of creeping substitution is also
differs significantly between these forms of
allograft, with new bone formation occurring
appositionally followed by resorption in cancel-
lous bone, which process is reversed in cortical
allografts [61]. These differences in biologic
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capacity between graft types lead to significant
differences in optimal clinical applications. The
use of bone allografts in the spine has been
reviewed previously by the senior author [62].
Structural cortical allografts are most useful in
interbody arthrodesis of the lumbar and cervical
spine, with low rates of graft tricortical allograft
may be as effective as iliac crest in promoting
anterior arthrodesis of the spine [63]. Crushed
cortical or cancellous allograft may be useful as
an autograft extender in posterior spinal fusion.
In thoracolumbar deformity, cancellous allograft
with instrumentation may give satisfactory
results in the pediatric population but yields infe-
rior results in adults. The conclusion from the
senior author’s experience is that successful use
of allograft bone in the spine is dependent on the
type of allograft bone used, the anatomic site of
fusion, and patient age. A review of other clinical
applications of allograft compared with autoge-
nous bone in spinal surgery is useful. In cervical
spine, the use of allograft vs autograft has been
debated since the first anterior discectomies and
interbody fusions. Smith and Robinson used
autogenous iliac crest graft and reported radio-
graphicunionin 18/21 patients [64]. Concurrently,
Cloward reported resorption of only 3/46 grafts
using his dowel technique with fresh-frozen
allograft [4]. More recent reviews demonstrated
similar fusion rates using autogenous and allog-
enous grafts in single level cervical surgery but
significant differences in multilevel cervical
fusions [65, 66]. In posterolateral arthrodesis of
the lumbar spine, differences in function between
allograft and autograft are more significant. In a
prospective comparison of autograft and allograft
preparations in posterolateral arthrodesis of the
spine, differences in fusion mass were radio-
graphically clearly apparent, reliable arthrodesis
being achieved with autograft, followed by mixed
autograft and allograft, and frozen allograft, and
the least reliable graft material was freeze-dried
allograft [67]. Similarly, a prospective evaluation
of mineralized and demineralized allograft mixed
with autogenous bone radiographically demon-
strated fusion inferior to that from posterolateral
arthrodesis with iliac autograft [68].
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Synthetic Bone Graft Substitutes

There are four characteristics that an ideal bone
graft material should exhibit which include [69]:

I. osteointegration, the ability to chemically
bond to the surface of bone without an inter-
vening layer of fibrous tissue;

II. osteoconduction, the ability to support the
growth of bone over its surface.;

III. osteoinduction, the ability to induce differ-
entiation of pluripotential stem cells from
surrounding tissue to an osteoblastic pheno-
type; and

IV. osteogenesis, the formation of new bone by
osteoblastic cells present within the graft
material.

Only autogenous bone graft satisfies all of
these requirements. Allograft is osteointegrative
and osteoconductive and may exhibit osteoinduc-
tive potential, but it is not osteogenic because it
contains no live cellular component. Synthetic
bone graft substitutes currently possess only
osteointegrative and osteoconductive properties.
Ideally synthetic bone graft substitutes should be
biocompatible, show minimal fibrotic reaction,
undergo remodelling and support new bone for-
mation. From a mechanical point of view syn-
thetic bone graft substitutes should have a similar
strength to that of the cortical/cancellous bone
being replaced. This needs to be matched with a
similar modulus of elasticity to that of bone in an
attempt to prevent stress shielding as well as
maintaining adequate toughness to prevent
fatigue fracture under cyclic loading. Synthetic
materials that demonstrate some of these proper-
ties are composed of either calcium, silicon or
aluminium [70].

Calcium Phosphate

The calcium phosphate family of synthetic bone
grafts has both osteointegrative and osteoconduc-
tive properties. Osteointegration results from the
formation of a layer of HA shortly after
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implantation. The Ca** and PO,> ions required to
establish this layer are derived from the implant
and surrounding bone. The pathways of both Ca?
and PO,> ions have been traced in serum and
urine without any significant elevation in serum
levels from which it can be concluded they are
handled as part of the normal body ion pool.
They have an excellent record of biocompatibil-
ity with no reports of systemic toxicity or foreign
body reactions [71].

Beta Tricalcium Phosphate

Beta tricalcium phosphate (3TCP) was one of the
earliest calcium phosphate compounds to be used
as a bone graft substitute. In 1920 Albee and
Morrison reported that the rate of bone union was
increased when PTCP was injected into the gap
of a segmental bone defect [72]. Beta tricalcium
phosphate is available in porous or solid form as
either granules or blocks. Structurally porous
BTCP has a compressive strength and tensile
strength similar to cancellous bone [73]. Like
other calcium phosphate preparations it has been
found to be brittle and weak under tension and
shear, but resistant to compressive loads [74].

Typically it has been used in its granular
porous form. Porous granules tend to migrate less
than solid granules due to earlier fixation by
fibrovascular ingrowth [75]. Beta tricalcium
phosphate undergoes reabsorption via dissolution
and fragmentation over a 6—18-month period.
Unfortunately the replacement of fTCP by bone
does not occur in an equitable way. That is, there
is always less bone volume produced than the
volume of BTCP reabsorbed [76]. For this reason
the clinical use of BTCP has been as an adjunc-
tive with other less reabsorbable bone graft sub-
stitutes or as an expander for autogenous bone
graft.

Hydroxyapatite (HA)

The chemico-physical characteristics of the HA
graft allow to induce a rapid and complete
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interbody fusion but also restore the physiologi-
cal lordosis and maintain the intervertebral and
foraminal height [77]. The HA ceramics are com-
posed of hydroxylized calcium phosphate and are
chemically identical to natural HA of bone. The
process of mixing these materials leads to porous
ceramics with high osteoconductive properties.
The graft can be invaded by newly formed bone
that grows directly into the pores [78]. Unlike
other synthetic grafts, however, there is no inter-
position of fibrous tissue between implant and
bone [73]. In experimental studies and, in partic-
ular, those in which electron microscopy obser-
vations are made, the authors have demonstrated
the bioactive properties of HA grafts and their
apparent ability to be directly bonded to bone,
reproducing the natural bone-cementing mecha-
nism [79].

Unlike autografts and allografts, HA is not
amenable to absorption by the host cells.
Resorption of HA is very limited in both cell and
solution-mediated processes, in contrast to trical-
cium phosphate compounds, which are rapidly
resorbed [80]. Preliminary clinical results were
published in 1986 by Koyama and Handa [81]
and then by Senter et al. [82] in 1989 and by
Boker et al. [83] in 1993. These studies report the
use of the HA graft combined with plate place-
ment and demonstrated that this graft material is
very effective in inducing cervical interbody
fusion. The first step of fusion was always a
remodeling of the bone—graft interface.
Progressively, a bone bridge appeared around the
graft, mainly posteriorly, and enlarged until total
incorporation of the graft occurred.

Coralline Hydroxyapatite

Coralline-derived hydroxyapatite is manufactured
from the Porites and Goniopora species of sea
coral by the hydrothermal chemical conversion of
calcium carbonate to hydroxyapatite [84]. These
two products have porous microstructures similar
to human cortical and cancellous bone [85].
Zdeblick et al. [86] reported the results of cervical
interbody fusion in a dog model using coralline-
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derived hydroxyapatite. In the non-instrumented
group, fewer than half the grafts incorporated,
14 % extruded, and 29 % collapsed. Extrusion
was eliminated, and the fusion rate increased to
71 % with non-rigid anterior plating. However,
graft collapse was reduced to only 24 %. In a ret-
rospective study Thalgott et al. [87] reported the
results of cervical interbody fusion in 26 patients
using the same implants associated with rigid
anterior cervical plating. At the 2-year follow-up
assessment, there was an average of 75.8 % reduc-
tion in pain, and 100 % of the grafts were reported
as incorporated on radiograph evaluation. Thalgott
et al. concluded that coralline-derived hydroxy-
apatite is a promising material for bone replace-
ment in the cervical spine and suggested that
future studies should compare this new material
with autograft in prospective randomized trials. In
a prospective randomized trial McConnell et al.
[88] demonstrated a high rate of radiographic
fragmentation, collapse, and loss of alignment of
the coralline-derived hydroxyapatite that appears
structurally inferior to iliac crest bone for cervical
interbody fusion.

Bioactive Glasses

Bioactive glass composites are currently being tri-
alled for vertebral body prosthesis [89]. Bioactive
glasses are hard, solid materials consisting of cal-
cium, phosphorus, and silicondioxide (silicate,
the main component). By varying the proportions
of sodium oxide, calcium oxide, and silicon diox-
ide, all range of forms can be produced from sol-
uble to non-resorbable. They possess both
osteointegrative and osteoconductive properties.
A mechanically strong bond between bioactive
glass and bone forms eventually through hydroxy-
apatite crystals similar to that of bone [90]. They
have significantly greater mechanical strength
when compared to calcium phosphate prepara-
tions, such as ceramic-hydroxyapatite. Bioactive
glass blocks resist drilling and shaping, however,
and they may fracture in the process. As a conse-
quence they are difficult to fix to the skeleton.
They have been successfully used as a bone graft
expander [91, 92].
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“Bioactive-ceramics”, a new variation, are
stronger than bioactive glass with improved
mechanical properties. However, both are rela-
tively brittle and prone to fracture with cyclic
loading. To improve the fracture toughness, of
bioactive glasses and bioactive ceramics, two
methods have been employed. Incorporation of
stainless steel fibres into bioglass increased bend-
ing strength, and incorporation of ceramic parti-
cles (zirconia) into apatite-wollastonite glass
ceramic increased bending strength and tough-
ness [93].

Factor and Cell-based Approaches
for Bone Graft Substitutes

Emerging adjuvant therapies have allowed sur-
geons the option of composite bone grafts. The
addition of an osteoinductive and/or osteogenic
substance provides theoretical benefits when
combined with an osteoconductive substrate. The
most potent and promising of these adjuvants are
the highly osteoinductive bone morphogenetic
proteins (BMPs), discovered by Urist in 1965
following his observation of bone growth from
animal demineralized bone matrix. Human BMPs
may now be produced through recombinant tech-
niques and produced on a large scale. Of interest
in the cervical spine is the recombinant human
BMP-2 (rhBMP-2) which has been the focus of a
number of human clinical studies. Less expensive
alternatives include bone marrow aspirate (BMA)
taken from the iliac crest and platelet rich plasma
(PRP) [94].

Bone Morphogenetic Proteins (BMPs)

BMPs have shown considerable promise in the
human lumbar spine [95] and in animal models
of anterior cervical fusion [96]. Recently, a num-
ber of clinical studies have focused on its appro-
priateness in the human cervical spine, with
consistently reported fusion rates of 100 % [97].
Baskin et al. conducted the first prospective
randomized controlled trial for anterior cervical
interbody fusion, comparing recombinant human
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BMP-2 with iliac crest autograft, both placed
within a fibula allograft and supplemented with
anterior plating [98]. All 33 patients from both
groups were fused by 6 months. At 24 months,
the rhBMP-2 group had significantly better
improvement in neck (P<0.03) and arm
(P <0.03) pain than autograft, had no complica-
tions attributable to rhBMP, and had avoided sta-
tistically significant pain (P <0.007) from the
harvest site at 6 weeks. Boakye et al. in a retro-
spective review of 23 patients with one- to three-
level procedures similarly found 1.05 mg/level of
rhBMP-2 in PEEK cages induced solid fusion
with good clinical outcomes and no significant
morbidity [99]. However ectopic bone formation
was observed to occur in three patients who were
early on in the series and had received twice that
amount. However, many authors have elucidated
the need for caution when using thBMPs in the
cervical area. Smucker et al. performed a multi-
variate analysis and found patients receiving
rhBMP-2 to have a 10.1-fold increase in risk for
swelling complication compared to those that did
not receive thBMP-2 [100]. In a retrospective
review of 151 patients undergoing anterior cervi-
cal fusion using thBMP-2 with plating, Shields
et al. found 23.2 % had suffered complications
including hematoma, swelling, dysphagia, and
increased hospital stay [101]. The authors noted
their three-and-a-halffold dose of bone morpho-
genetic protein (2.1 mg BMP/level) compared to
Baskin et al. (0.6 mg/level) as a possible reason,
perhaps causing an excessive inflammatory
response in the initial phase of bone healing.
Tumialan et al. noted a decrease in dysphagia
with a dosage reduction from 2.1 mg/level down
to 0.7 mg/level, and from multilevel compared to
single-level procedures [102]. In a prospective
non-randomized study Buttermann compared
BMP-2 with allograft against iliac crest autograft
in anterior cervical discectomy with fusion.
Using 0.9 mg BMP/level he found that although
both groups demonstrated similar clinical
improvements, 50 % of the BMP group suffered
dysphagia caused by neck swelling compared to
14 % autograft. In a letter, Dickerman et al.
reported clinical success with a dose of 1.05 mg/
level insulated by a DBM putty and delivered in
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PEEK cages, as these measures provide contain-
ment of the BMPs [103]. In a study that contained
rhBMP-2 using thrombin glue and bioabsorbable
spacers, no graft-related complications occurred
[104]. Vaidya et al. reviewed the cases of 22
patients who received 1 mg rhBMP-2/level con-
tained in polyetheretherketone (PEEK) cages and
24 patients who received allograft spacer with
demineralized bone matrix. BMP performed well
radiographically with probable fusion in 100 %
of patients at 12 months. Allograft attained simi-
lar results. BMP had statistically significant dys-
phagia associated with anterior swelling, with
severity observed to be dose-dependent.
Compared to allograft, the BMP procedure was
three times more expensive, and so was ceased
[105]. In another study by the same lead author,
rhBMP-2 with allograft for cervical fusion was
ceased despite 100 % fusion, due to a 33 % inci-
dence of graft subsidence [106]. Costs associated
with the implementation of BMP for anterior cer-
vical fusion may be prohibitive, however it
remains to be seen how cost-effective they are
compared to autograft and other alternatives
long-term [107]. Further investigation is required
in determining the optimal dose and delivery
method of BMP for anterior cervical fusion,
whether a measurable clinical advantage is pro-
duced, and if so, in whom these procedures
should be performed.

Bone Marrow Aspirate (BMA)

BMA has been used as part of a composite graft
in conjunction with an osteoconductive scaffold
held within a mechanical structure for anterior
cervical fusion. BM aspiration from the iliac
crest causes minimal morbidity while providing
osteogenic potential [108]. Due to the scarcity of
osteoprogenitor content, selective-retention or
culture-expanded cell technology may be
employed to maximise osteogenecity, although
these add to costs [109]. Khoueir et al. reported
on the use of BMA soaked in collagen-
hydroxyapatite matrix inside fibula allograft for
instrumented multilevel anterior cervical fusion.
A total of 81.7 % of patients demonstrated



168

clinical improvement and 96.8 % had radio-
graphic fusion, with no graft-related complica-
tions. Several limitations of this study prevent
direct comparison to autograft, however it does
suggest BMA to be a safe, potentially efficacious
and cheaper alternative to BMP [110].

Platelet Rich Plasma (PRP)

The supplementation of platelet concentrate in
grafting is purported to benefit bone healing
through provision of osteopromotive growth fac-
tors and an osteoconductive fibrin clot meshwork
[111]. Feiz-Erfan et al. conducted a double-
blinded randomized trial for anterior cervical
fusion using instrumented allograft with or with-
out platelet-gel concentrate. Platelet-gel showed
no evidence of promoting early fusion and
achieved no significant difference in arthrodesis
rates at 12 months [112].

Conclusion
There are several acceptable and promising
material options for anterior cervical spine
fusion. Although many studies have investi-
gated the effectiveness of these substrates,
currently, no option is conclusively superior to
strut iliac bone autograft combined with rigid
anterior plate fixation. Autograft remains the
standard of care for anterior cervical spine
fusion, allowing a good stability with higher
incidence of radiographic fusion rate, near to
100 % and excellent clinical outcomes. For
this reason the autograft technique is still con-
sidered the gold standard between a high num-
ber of materials and techniques in cervical
spine fusion. Moreover, the use of autograft
avoid the risk of infection, disease transmis-
sion, and histocompatibility differences asso-
ciated with allograft. Allograft is somewhat
substandard in comparison to autograft due to
increased graft complication and reduced
fusion rates, but it's still an acceptable option
especially when combined with plating.
Other bone graft substitutes may offer a via-
ble alternative, in fact the use of alternative
devices avoids the harvest of strut iliac
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tri-cortical graft without complications at the
bone donor site. Titanium may offer a satisfac-
tory alternative, with good fusion rates and low
rate of complications. Ceramics achieve accept-
able fusion rates and clinical outcomes at a rea-
sonable price and is thus another acceptable
alternative to autograft. Bone morphogenetic
proteins (BMPs) are an unrefined graft technol-
ogy with developing guidelines on dosage and
delivery. Although BMPs demonstrate impres-
sive osteoinductive properties, they are cur-
rently hindered by significant cost constraints
and complications. Other composite bone
grafts present theoretical benefits however no
consistent algorithm has been proposed.

References

1. Whitecloud 3rd TS. Modern alternatives and tech-
niques for one-level discectomy and fusion. Clin
Orthop Relat Res. 1999;359:67-76.

2. Wigfield CC, Nelson RJ. Non-autologous interbody
fusion materials in cervical spine surgery: how
strong is the evidence to justify their use? Spine.
2001;26:687-94.

3. Robinson RA, et al. The results of anterior interbody
fusion of the cervical spine. J Bone Joint Surg Am.
1962;44:1569-87.

4. Cloward RB. The anterior approach for ruptured cer-
vical discs. J Neurosurg. 1958;15:602—17.

5. Bailey RW, Badgley CE. Stabilization of the cervical
spine by anterior fusion. J Bone Joint Surg Am.
1960;42:565-94.

6. Simmons EH, Bhalla SK. Anterior cervical discec-
tomy and fusion: a clinical and biomechanical study
with eight years follow-up. J Bone Joint Surg Br.
1969;51:225-37.

7. Bohlman HH, et al. Robinson anterior cervical dis-
cectomy and arthrodesis for cervical radiculopathy:
long-term follow-up of one hundred and twenty-two
patients. J Bone Joint Surg. 1993;75:1298-307.

8. Bose B. Anterior cervical instrumentation enhances
fusion rates in multilevel reconstruction in smokers.
J Spinal Disord. 2001;14:3-9.

9. Bose B. Anterior cervical fusion using Caspar plat-
ing. Analysis of results and review of the literature.
Surg Neurol. 1998;49:25-31.

10. Kaiser MG, et al. Anterior cervical plating enhances
arthrodesis after discectomy and fusion with cortical
allograft. Neurosurgery. 2002;25:229-35.

11. Sampath P, et al. Outcome of patients treated for cer-
vical myelopathy: a prospective, multicenter study
with independent clinical review. Spine. 2000;25:
670-6.



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

3

32.

Role of Materials in Cervical Spine Fusion

Sampath P, et al. Outcome in patients with cervical
radiculopathy: prospective, multicenter study with
independent clinical review. Spine. 1999;24:591-7.
Emery SE, et al. Three-level anterior cervical discec-
tomy and fusion. Spine. 1997;22:2622-5.

Zdeblick TA, Ducker TB. The use of freeze-dried
allograft bone for anterior cervical fusions. Spine.
1991;16:726-9.

Zdeblick T, et al. Anterior cervical discectomy,
fusion, and plating. Spine. 1991;18:1974-83.
Schneeberger AG, et al. Anterior cervical interbody
fusion with plate fixation for chronic sponylotic
radiculopathy: a 2- to 8-year follow-up. J Spinal
Disord. 1999;12:215-20.

Katsuura A, et al. Anterior cervical plate used in
degenerative disease can maintain lordosis. J Spinal
Disord. 1996;9:470-6.

Shapiro S. Banked fibula and the locking anterior
cervical plate in anterior cervical fusions following
cervical discectomy. J Neurosurg. 1996;84:161-5.
Shapiro S, et al. Cadaveric fibula, locking plate, and
allogenic bone matrix for anterior cervical fusion
after cervical discectomy for radiculopathy or
myelopathy. J Neurosurg (Spine 1). 2001;95:43-50.
Coric D, et al. Revision of anterior cervical pseudo-
arthrosis with anterior allograft fusion and plating.
J Neurosurg. 1997;86:969-74.

Kostuik JP, et al. Anterior cervical plate fixation with
the titanium hollow screw plate system. Spine.
1993;18:1273-8.

Profeta G, et al. Preliminary experience with anterior
cervical microdiscectomy and interbody titanium
cage fusion (Novus CT-T1) in patients with cervical
disc disease. Surg Neurol. 2000;53:417-26.

Eleraky M, et al. Cervical corpectomy: report of 185
cases and review of literature. J Neurosurg (Spine 1).
1999;90:35-41.

Geyer T, Foy MA. Oral extrusion of a screw after ante-
rior cervical spine plating. Spine. 2001;26:1814-6.
Hanci M, et al. Esophageal perforation subsequent
to anterior cervical spine screw/plate fixation.
Paraplegia. 1995;33:606-9.

Anderson DG, Albert TJ. Bone grafting, implants,
and plating options for anterior cervical fusions.
Orthop Clin North Am. 2002;33:317-28.

Malloy KM, Hilibrand AS. Autograft versus
allograft in degenerative cervical disease. Clin
Orthop Relat Res. 2002;394:27-38.

Zdeblick TA, Phillips FM. Interbody cage devices.
Spine. 2003;28:S2-7, Review.

Romner B, et al. Modified Robinson-Smith proce-
dure for the treatment of cervical radiculopathy. Acta
Neurol Scand. 1994;90:197-200.

Adams D, Williams DF. The response of bone to car-
bon—carbon composites. Biomaterials. 1984;5:59-64.

. Brandwood A, et al. Phagocytosis of carbon parti-

cles by macrophages in vitro. Biomaterials. 1992;13:
646-8.

Tullberg T. Failure of a carbon fiber implant. A case
report. Spine. 1998;23:1804-6.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

169

Podoshin L, et al. Long-term histologic study of a
new carbon—carbon ossicular replacement prosthe-
sis. Am J Otol. 1988;9:366-75.

Cho DY, et al. Treatment of multilevel cervicalfusion
with cages. Surg Neurol. 2004;62:378-85.

Cho D, et al. Preliminary experience using a poly-
etheretherketone (PEEK) cage in the treatment of
cervical disc disease. Neurosurgery. 2002;51:1-8.
Williams A, et al. Potential of Polyetheretherketone
and Carbon-fiber-reinforced PEEK in medical appli-
cation. J Mater Sci Lett. 1987;6:188-90.

Wright IP, Eisenstein SM. Anterior cervical discec-
tomy and fusion without instrumentation. Spine.
2007;32:772-4.

Fernyhough JC, et al. Fusion rates in multilevel cer-
vical spondylosis comparing allograft fibula with
autograft fibula in 126 patients. Spine. 1991;16:
S561-4.

Bishop RC, et al. Anterior cervical interbody fusion
using autogeneic and allogeneic bone graft substrate:
a prospective comparative analysis. J Neurosurg.
1996;85:206-10.

Samartzis D, et al. Is autograft the gold standard in
achieving radiographic fusion in one-level anterior
cervical discectomy and fusion with rigid anterior
plate fixation. Spine. 2005;30:1756-61.

Silber JS, et al. Donor site morbidity after anterior
iliac crest bone harvest for single-level anterior cer-
vical discectomy and fusion. Spine. 2003;28:134-9.
Schnee CL, et al. Analysis of harvest morbidity and
radiographic outcome using autograft for anterior
cervical fusion. Spine. 1997;22:2222-7.

Seiler 3rd JG, Johnson J. Iliac crest autogenous bone
grafting: donor site complications. J South Orthop
Assoc. 2000;9:91-7.

Rawlinson JN. Morbidity after anterior cervical
decompression and fusion. The influence of the
donor site on recovery, and the results of a trial of
surgibone compared to autologous bone. Acta
Neurochir (Wien). 1994;131:106-18.

Epstein NE, Hollingsworth R. Does donor site
reconstruction following anterior cervical surgery
diminish postoperative pain? J Spinal Disord Tech.
2003;16:20-6.

McGuire RA, St JK. Comparison of anterior cervical
fusions using autogenous bone graft obtained from
the cervical vertebrae to the modified Smith-Robinson
technique. J Spinal Disord. 1994;7:499-503.

Tubbs RS, et al. Use of the clavicle in anterior cervi-
cal discectomy/corpectomy fusion procedures:
cadaveric feasibility study. Childs Nerv Syst.
2008;24:337-41.

Peelle MW, et al. A novel source of cancellous auto-
graft for ACDF surgery: the manubrium. J Spinal
Disord Tech. 2007;20:36—41.

Bojescul JA, et al. Backfill for iliac-crest donor sites:
a prospective, randomized study of coralline
hydroxyapatite. Am J Orthop. 2005;34:377-82.
Resnick DK. Reconstruction of anterior iliac crest
after bone graft harvest decreases pain: a randomized,



170

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

controlled clinical trial.
526-9.

Hamer AJ, et al. Biomechanical properties of corti-
cal allograft bone using a new method of bone
strength measurement: a comparison of fresh, fresh-
frozen, and irradiated bone. J Bone Joint Surg Br.
1996;78:363-8.

Sandhu HS, et al. Bone grafting for spine fusion.
Orthop Clin North Am. 1999;30:685-98.

Stevenson S, et al. Factors affecting bone graft incor-
poration. Clin Orthop. 1996;324:66-74.

Stevenson S, Horowitz M. The response to bone
allografts. J Bone Joint Surg Am. 1992;74:939-50.
Stevenson S, et al. The fate of cancellous and corti-
cal bone after transplantation of fresh and frozen
tissue-antigen-matched and mismatched osteochon-
dral allografts in dogs. J Bone Joint Surg Am.
1991;73:1143-56.

Strong DM, et al. Immunologic responses in human
recipients of osseous and osteochondral allografts.
Clin Orthop. 1996;326:107-14.

Tomford WW. Transmission of disease through
transplantation of musculoskeletal allografts. J Bone
Joint Surg Am. 1995;77:1742-54.

Asselmeier MA, et al. A review of allograft process-
ing and sterilization techniques and their role in
transmission of the human immunodeficiency virus.
Am J Sports Med. 1993;21:170-5.

Bauer TW, Muschler GF. Bone graft materials. An
overview of the basic science. Clin Orthop. 2000;
371:10-27.

Enneking WF, Mindell ER. Observations on massive
retrieved human allografts. J Bone Joint Surg Am.
1991;73:1123-42.

Burchardt H. The biology of bone graft repair. Clin
Orthop. 1983;174:28-42.

Butterman GR, et al. The use of bone allografts in
the spine. Clin Orthop. 1996;324:75-85.
Buttermann GR, et al. Revision of failed lumbar
fusions. A comparison of anterior autograft and
allograft. Spine. 1997;22:2748-55.

Smith G, Robinson RA. The treatment of certain cer-
vical spine disorders by anterior removal of the inter-
vertebral disc and interbody fusion. J Bone Joint
Surg Am. 1958;40:607-24.

Hanley EN, et al. The use of allograft bone in cervical
spine surgery. Semin Spine Surg. 1989;1:262-70.
Zdeblick TA. A prospective randomized study of lum-
bar fusion: preliminary results. Spine. 1993;18:983-91.
An HS, et al. Prospective comparison of autograft vs
allograft for adult posterolateral lumbar spine fusion:
differences among freezedried, frozen, and mixed
grafts. J Spinal Disord. 1995;8:131-5.

Jorgenson SS, et al. A prospective analysis of auto-
graft versus allograft in posterolateral lumbar fusion
in the same patient. A minimum of 1-year follow-up
in 144 patients. Spine. 1994;19:2048-53.
Constantino PD, Freidman CD. Synthetic bone graft
substitutes. Otolaryngol Clin North Am. 1994;27:
1037-73.

Neurosurgery. 2005;57:

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

C. Doria and M. Gallo

Cypher T, Grossman JP. Biological principles of bone
graft healing. J Foot Ankle Surg. 1996;35:413-7.
Hollinger JO, Battistone GC. Biodegradable bone
repair materials. Clin Orthop. 1986;207:290-305.
Albee FH, Morrison HF. Studies in bone growth,
triple calcium phosphate as a stimulus to osteogene-
sis. Ann Surg. 1920;71:32-6.

Jarcho M. Calcium phosphate ceramics as hard tis-
sue prosthetics. Clin Orthop. 1981;157:259-78.
Geesink RGT, De Groot K. Bonding of bone to apa-
tite coated implants. J Bone Joint Surg Br. 1988;70:
“17-22.

Byrd HS, Hobar PC. Augmentation of craniofacial
skeleton with porous hyroxyapatite granules. Reconstr
Surg. 1993;91:15-22.

Hollinger JO, Brekke J. Role of bone substitutes.
Clin Orthop. 1996;324:55-65.

Bizette C, et al. Résultats d’arthrodeses intersomatiques
cervicales par greffons coralliens. Neurochirurgie.
1999:45:4-14.

Cook SD, et al. In vivo evaluation of anterior cervical
fusions with hydroxylapatite graft material. Spine.
1994;19:1856-66.

Eggli PS, et al. Porous hydroxyapatite and trical-
cium phosphate cylinders with two different pore
size ranges implanted in the cancellous bone of rab-
bits. A comparative histomorphometric and histo-
logic study of bony ingrowth and implant
substitution. Clin Orthop. 1988;232:127-38.

Kim P, et al. Bisegmental cervical interbody fusion
using hydroxyapatite implants: surgical results and
long-term observation in 70 cases. J Neurosurg.
1998;88:21-7.

Koyama T, Handa J. Porous hydroxyapatite ceram-
ics for use in neurosurgical practice. Surg Neurol.
1986;25:71-3.

Senter HJ, et al. Anterior cervical discectomy with
hydroxyapatite fusion. Neurosurgery. 1989;25:39-43.
Boker DK, et al. Anterior cervical discectomy and
vertebral interbody fusion with hydroxyapatite
ceramic. Preliminary results. Acta Neurochir. 1993;
121:191-5.

Roy DM, Linnehan SK. Hydroxyapatite formed
from coral skeletal carbonate by hydrothermal
exchange. Nature. 1974;247:220-8.

Holmes R, et al. A coralline hydroxyapatite bone
graft substitute. Clin Orthop. 1984;188:252-62.
Zdeblick TA, et al. Anterior cervical discectomy and
fusion using a porous hydroxyapatite bone graft sub-
stitute. Spine. 1994;19:2348-57.

Thalgott JS, et al. Anterior interbody fusion of the
cervical spine with coralline hydroxyapatite. Spine.
1999;24:1295-9.

Wittenberg RH, et al. Compressive strength of autol-
ogous and allogenous bone grafts for thoracolumbar
and cervical spine fusion. Spine. 1990;15:1073-8.
Schulte M, et al. Vertebral body replacement with a
bioglass—polyurethane composite in spine metasta-
ses: Clinical, radiological and biomechanical results.
Eur Spine J. 2000;9:437-44.



90.

91.

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

Role of Materials in Cervical Spine Fusion

Gross V, Brandes J. The ultrastructure of the inter-
face between a glass ceramic and bone. J Biomed
Mater Res. 1981;15:291-305.

Kinnunen I, et al. Reconstruction of orbital floor
fractures using bioactive glass. J Craniomaxillofac
Surg. 2000;28:229-34.

Peltola M, et al. Experimental follow-up model for
clinical frontal sinus obliteration with bioactive
glass. Acta Otolaryngol Suppl. 2000;543:167-9.
Cao W, Hench LL. Bioactive materials. Ceramics
Int. 1996;22:493-507.

Urist MR. Bone: formation by autoinduction.
Science. 1965;150:893-9.

Boden SD, et al. The use of thBMP-2 in interbody
fusion cages. Definitive evidence of osteoinduction in
humans: a preliminary report. Spine. 2000;25:376-81.
Burkus JK, et al. Is INFUSE bone graft superior to
autograft bone? An integrated analysis of clinical tri-
als using the LT-CAGE lumbar tapered fusion
device. J Spinal Disord Tech. 2003;16:113-22.
Zdeblick TA, et al. Cervical interbody fusion cages.
An animal model with and without bone morphoge-
netic protein. Spine. 1998;23:758-65.

Baskin DS, et al. A prospective, randomized, controlled
cervical fusion study using recombinant human bone
morphogenetic protein-2 with the CORNERSTONE-SR
allograft ring and the ATLANTIS anterior cervical
plate. Spine. 2003;28:1219-24.

Boakye M, et al. Anterior cervical discectomy and
fusion involving a polyetheretherketone spacer and
bone morphogenetic protein. J Neurosurg Spine.
2005;2:521-5.

Smucker JD, et al. Increased swelling complications
associated with off-label usage of rhBMP-2 in the
anterior cervical spine. Spine. 2006;31:2813-9.
Shields LBE, et al. Adverse effects associated with
high-dose recombinant human bone morphogenetic
protein-2 use in anterior cervical spine fusion. Spine.
2006;31:542-17.

Tumialan LM, et al. The safety and efficacy of ante-
rior cervical discectomy and fusion with poly-
etheretherketone spacer and recombinant human

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

171

bone morphogenetic protein-2: a review of 200
patients. J Neurosurg Spine. 2008;8:529-35.
Dickerman RD, et al. rh-BMP-2 can be used safely
in the cervical spine: dose and containment are the
keys! Spine J Off J N Am Spine Soc. 2007;7:508-9
comment.

Lanman TH, Hopkins TJ. Early findings in a pilot
study of anterior cervical interbody fusion in which
recombinant human bone morphogenetic protein-2
was used with poly (Llactide-co-D, L-lactide)
bioabsorbable implants. Neurosurg Focus. 2004;
16, E6.

Vaidya R, et al. Complications of anterior cervical
discectomy and fusion using recombinant human
bone morphogenetic protein-2. Eur Spine J. 2007;16:
1257-65.

Vaidya R, et al. Interbody fusion with allograft and
rhBMP-2 leads to consistent fusion but early subsid-
ence. J Bone Joint Surg Br. 2007;89:342-5.
Buttermann GR. Prospective nonrandomized com-
parison of an allograft with bone morphogenic pro-
tein versus an iliaccrest autograft in anterior cervical
discectomy and fusion. Spine J Off J N Am Spine
Soc. 2008;8:426-35.

Papavero L, et al. A composite bone graft substitute
for anterior cervical fusion. Spine. 2002;27:
1037-43.

Muschler GF et al. Selective retention of bone
marrow-derived cells to enhance spinal fusion. Clin
Orthop Relat Res. 2005;432:242-51.

Khoueir P, et al. Multilevel anterior cervical fusion
using a collagen-hydroxyapatite matrix with iliac
crest bone marrow aspirate: an 18-month follow-up
study. Neurosurgery. 2007;61:963-71.

Attawia M et al. Toward an International Tissue
Engineering Curriculum: The Drexel Initiative
(2002). In: Laurencin CT, editor. Bone graft substi-
tutes. West Conshohocken: ASTM International;
2003. p. 126-41.

Feiz-Erfan I, et al. Effect of autologous platelet gel
on early and late graft fusion in anterior cervical
spine surgery. ] Neurosurg Spine. 2007;7:496-502.



Stefan Freudiger

Introduction

It is generally believed that the modulus of elas-
ticity is a major criterion to anticipate the success
of an implant material. Often, this elasticity is
only partially addressed, since the geometrical
data are omitted. For axial and bending stiffness
the cross section’s area and area moment of iner-
tia must also be taken into consideration. An
additional criterion in respect to the bony anchor-
age of vertebral cages is being presented, which
is the induced lateral strain g,=v - €. This strain
must be sufficiently similar in order to prevent
detrimental micromotion. A unique and ideal
material stiffness out of the available biomateri-
als cannot be formulated. But a set of additional
criteria for a successful bony anchorage can be
listed, such as friction behavior at the interface or
material with a potential for stimulating bone
ingrowth. The evaluation of stiffness cannot
avoid the necessity to carry out numerical analy-
sis, experimental tests with preferably human
specimen or careful clinical observations.
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Natural Vertebral Endplate

The natural vertebral endplate is an extraordinary
structure. It incorporates a thin shell made of
compact bone over an elastic foundation made of
cancellous bone [1, 2] (Fig. 14.1). The shell is
connected to the walls of the vertebral body. The
vertebral endplate is comparable to the tibial pla-
teau. The shell together with the elastic founda-
tion is capable to carry high compressive loads
and impacts [3]. These compressive loads are
optimally distributed, as these loads are applied
through the nucleus pulposus with hydrostatic
properties (i.e. uniform pressure load). Across
the vertebral body the loads are further trans-
ferred by the trabeculae, the scaffold of the can-
cellous bone.

Vagueness exists over the load sharing
between the endplate and the cancellous bone
underneath. According to White and Panjabi [4]
the endplate may contribute 45-75 %. An own
rough estimate may yield as follows: The

Shell

Elastic foundation

Fig. 14.1 Vertebral plateau
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compression strength of a cervical vertebra is in
the range of 1585 N [4]. Assuming an endplate
surface of 291 mm? (inferior endplate average of
[5]) multiplied with the cancellous bone strength
of 2.37 N/mm? [6] yields on overall strength of
690 N, thus leaving an endplate contribution of
56 %. This becomes important whenever the end-
plate is resected or damaged in order to accom-
modate a disc prosthesis or a cage.

Natural Vertebral Disc

The characteristic of the vertebral disc is the
compressibility and extendibility of the annulus
fibrosus due to the diagonal arrangement of its
fibers. Consequently the annulus fibrosus is capa-
ble to transfer rotational loads while allowing lat-
eral bending as well as flexion and extension
movements. Simultaneously it acts as the seal of
the nucleus pulposus providing uniform pressure
at arbitrary inclination angles (Fig. 14.2).

Surgical Treatments

Whenever a natural discs has undergone severe
degeneration with loss of normal performance it
will normally be removed partially or entirely. As
replacement two procedures are generally used.
One procedure intends to preserve motion
whereas the other procedure intends to achieve
the fusion with the adjacent vertebrae [7, 8].

(a) Implantation of a prosthetic disc

Two types of disc prostheses are distin-
guished. Disc prostheses which move

Vertebral body

Annulus fibrosus

Mucleus pulposus

Fig.14.2 Vertebral disc

S. Freudiger

along a geometrical hard sliding core
(Fig. 14.3) and disc prostheses which
move as a result of the elasticity of an
elastomeric core (Fig. 14.4).
(b) Fusion of the segment
The fusion of two adjacent vertebral bodies
is often assisted by the insertion of a body
to maintain height. Such body can be
autologous bone, a cage or a combination
of both (Fig. 14.5).

Great care must be given to the load transfer
from the implant to the vertebra. As soon as the
natural endplate is resected or otherwise dam-
aged, the maximum loading capacity may be
reduced up to its half. The implant, whether it is
a disc prosthesis or a cage, should cover as much

>

Fig. 14.3 Prosthetic disc with sliding core

ﬁ///
1

Fig. 14.4 Prosthetic disc with elastomer core
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Fig. 14.5 Intersomatic body

surface of the vertebra as possible. If the contact
area would be lower, strong bone adherence with
consecutive bone remodeling [9] would be
required.

Prosthetic Discs

Prosthetic discs are to be divided into two
different concepts.

The first concept includes prosthetic discs
with a sliding core (Fig. 14.3) (also called “ball
and socket”) mostly made of UHMWPE (ultra
high molecular weight polyethylene) and two
endplates made of titanium alloy. One endplate is
sliding over the other imposing an ICR (instanta-
neous center of rotation) when the adjacent
vertebrae undergoes flexion and extension move-
ments. This ICR is often far from the natural
ICR. This concept is further subject to wear of
the polyethylene core against the metal endplates.
This concept does not provide axial elasticity
along the vertebral column axis, since the sliding
core is too stiff, in comparison with the natural
intervertebral disc.

The second concept includes prosthetic discs
with an elastomeric core (Fig. 14.4) (also called
“silent bloc”). The materials used shall mimic a
vertebral disc and have therefore a pronounced
elasticity. The mostly used material is the PCU
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(polycarbonateurethane) (e.g. Bionate®) possibly
blended with silicone (e.g. Carbosil®). The elasto-
mer core does not impose any cinematic con-
straints. It allows motion according to it’s elasticity
in the specific loading axis. The elastomer core is
able to absorb axial loads and to provide axial elas-
ticity along the vertebral column axis.

Cages

A basic feature of an implant material is the
stiffness and a basic characteristic of the stiff-
ness is the elastic modulus (also called Young's
modulus) (denoted as E). But when comparing
stiffness from one body to another, the modulus
of elasticity is only half of the truth. For com-
paring stiffness, beside the material constant,
also a geometrical parameter needs to be con-
sidered, which depends on the type of loading.
For axial load (Fig. 14.6) the geometrical
parameter is the cross section area (denoted as
A) and for bending (Fig. 14.7) the geometrical
parameter is the cross section area moment of
inertia (denoted as I). Consequently the axial
stiffness is given by E-A and the bending stiff-
ness is given by E-I.

If in the axial direction the body has a constant
cross section (i.e. prismatic) and if the area of
contact on the supporting structure corresponds
to the cross section, then the area may be dropped
from the equation. In all other cases, the areal
parameters need to be taken into consideration.

Typical materials used for cages are PEEK
(polyetherehterketone), Titanium, carbon fiber
composites, PMMA (polymethylmetacrylate) and
TCP (tricalciumphosphate) as a filler material.

Fig. 14.6 Axial load
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The cage typically has a frontal contact with
the bone and is subject to compression loads. As
a consequence the cage is principally exposed to
lateral strain (Fig. 14.8), which in the worst
circumstances may produce micromotion against
the bone, if the interface shear characteristics do
not comply with each other. Furthermore, the
vertebral endplate would only be loaded on a lim-
ited surface, where the endplate itself is being
surrounded by compact bone along its periphery;
both limiting lateral strain.

Lateral strain (denoted by €,) is given by the
longitudinal strain (denoted by €) multiplied with
Poisson's ratio (denoted by v) [6] where the lon-
gitudinal strain € equals the stress (which is the
force divided by the surface, denoted by o)
divided by the modulus of elasticity (E). If the
force and the surface are the same for the cage
and the bone, the lateral strain becomes propor-
tional to the quotient of the Poisson's ratio and
the modulus of elasticity or ,~ V/E.

S. Freudiger

Cages must cover a sufficiently large area of
the (resected) vertebral body, since the strength
contribution of the natural shell is being sacri-
ficed. Cages need to achieve a good bone adher-
ence for successfully transmit the expected loads.
If the cage surface is not sufficiently osseoinduc-
tive it will need to undergo a surface treatment
with an adequate coating.

Comparison of Materials

The considered materials are biomaterials with a
proven biocompatibility which must have dem-
onstrated compliance with the relevant interna-
tional standards (e.g. ISO 10993).

For overview, the mechanical properties of the
materials of interest are listed in Table 14.1.

Data are order of magnitudes for reference.
Especially polymer characteristics may vary with
strain rate, body temperature and environment.

For illustration, the initial stiffness (E=o/ €)
of the materials of interest are plotted in Fig. 14.9.
The curves are highly idealized. Other slopes
using other databases are possible. The TCP
curve had to undergo a coordinate transformation
for comparison. For ease of illustration, tensile
and compressive data are shown in the same
quadrant.

However, UHMWPE, Bionate® and Carbosil®
are not expected to be used in direct contact with
bone. They are rather used as core material for
disc prostheses.

TCP is also not expected to be used as stand-
alone cage, because of its resorbable behavior.
TCP is rather be used to fill voids in hollow cages
to accelerate bone-ingrowth.

Results/Conclusion

An elasticity of an implant closer to bone is
often considered as an advantage for biome-
chanical perspectives. Mostly the elasticity is
only considered by looking at the modulus of
elasticity of the material used. But in order to
properly evaluate the elasticity of an implant (or
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Carbon
Ti6AI4V PEEK PMMA
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Fig. 14.9 Stress/strain plot of specific biomaterials
Table 14.1 Overview of biomaterials of interest
Mod. of elast.? Ultim. strain Lat. strain®
Material Strength [MPa] | [MPa] [%] Poisson ratio| [%] Refs. Note
Cancellous bone | 2.37 (¢) 352.00 1.19 .20 .057 [6, 10]
PEEK 107.00 (t) 2,853.00 20.00 .36 .013 [11]
Ti6Al14V 950.00 (t) 113,800.00 14.00 34 .000 [12]
Carbon fiber 1,315.00 (t) 235,000.00 0.56 See note .000 [13]
Bionate® 80A 46.61 (1) 8.74 531.00 .50¢ 5.721 [14] 2
Carbosil® 80A 35.03 (t) 9.70 473.00 .50¢ 5.155 [15] 2
TCP 21.13 (¢) 1,198.00 2.24 28 .023 [16]
PMMA 100.00 (c) 2,700.00 5.10 40 .015 var.
UHMWPE 21.00 (t) 770.00 350.00 42¢ .055 var.

(c) Measured in compression

(t) Measured in tension

2Secant modulus (first distinctive segment — idealized)

“Lateral strain with unit stress

‘Ex:  http://ocw.mit.edu/courses/materials-science-and-engineering/3-11-mechanics-of-materials-fall-1999/modules/

props.pdf

Notes:

1. Mechanical properties of carbon fiber implants depend also on the orientation of the fiber in the composite and the
axis of loading. Exact fiber orientations within spinal cages are not disclosed (Data shown are averages of Ref. [13])

2. Bionate® and Carbosil® are also available in other grades. Exact grades used in the prosthetic discs are not disclosed

its stiffness, as the inverse) other parameters the cross section's area, the cross section's area
need to be looked at. For comparing axial stiff- moment of inertia or the Poisson's ratio must
ness, bending stiffness or induced lateral strain, also be taken into consideration.


http://ocw.mit.edu/courses/materials-science-and-engineering/3-11-mechanics-of-materials-fall-1999/modules/props.pdf
http://ocw.mit.edu/courses/materials-science-and-engineering/3-11-mechanics-of-materials-fall-1999/modules/props.pdf
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According to Polikeit et al. [17] the density of
the vertebra’s cancellous bone would be of higher
importance for the stabilization of a functional
spinal unit than the cage material.

Elasticity or stiffness numbers are not the only
parameter for determining the success of an
implant. The interface with the bone should have
sufficient primary stability to allow bone to
adhere to. Friction of the interface may contrib-
ute to this characteristics. The material should
ideally stimulate bone ingrowth. Numerical anal-
ysis, experimental tests with preferably human
specimen and careful clinical observations are
further prerequisites to end-up with an appropri-
ate material choice.
® Bionate and Carbosil are trademarks of DSM
PTG
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Giles G. Dubois and A. Lerch

Introduction

Medical application is one of the most exciting
and rewarding research areas of the materials sci-
ence. Examples from our daily life are sutures,
catheters, heart valves, pacemakers, breast
implants, fracture fixation plates, nails and screws
in orthopedics, dental filling materials, orthodon-
tic wires, as well as total joint replacement pros-
theses. During the past decades, both an ageing
population and a democratization of high-risk
sports have led to a surge of bone-related diseases
and bone fractures, which must be treated through
implants. In order to be accepted by the living
body, all implantable items must be prepared
from a special class of materials, called biomedi-
cal materials or biomaterials in short.

All solid materials are generally categorized
as four major groups: metals, polymers ceramics
and composites thereof. Similarly, all biomateri-
als are also divided into the same major types:
biometals, biopolymers, bioceramics and bio-
composites. All of them play very important
roles in both replacement and regeneration of the
human tissues.
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Service de Neurochirurgie, Clinique de I’Union,
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Calcium orthophosphate-based bioceramics
and biomaterials are found in a variety of differ-
ent applications throughout the body, covering all
areas of the skeleton: dental implants, percutane-
ous devices and use in periodontal treatment,
healing of bone defects, fracture treatment, total
joint replacement (bone augmentation), orthope-
dics, cranio-maxillofacial reconstruction, otolar-
yngology, ophthalmology and spinal surgery
[1-5].

History

Man’s attempts to repair the human body with the
use of implant materials were recorded in the
early medical writings of the Hindu, Egyptian
and Greek civilizations. The earliest successful
implants were in the skeletal system. In early
times, a selection of the materials was based on
their availability and an ingenuity of the individ-
ual making and applying the prosthetic [6]. Some
example biomaterials seem in museum exhibits
from archaeological findings are animal or
human (from corpses) bones and teeth, shells,
corals, ivory (elephant tusk), wood, as well as
some metals (gold or silver). For instance, the
Etruscans learned to substitute missing teeth with
bridges made from artificial teeth carved from the
bones of oxen, while in ancient Phoenicia loose
teeth were bound together with gold wires for
tying artificial ones to neighboring teeth. In the
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17th century, a piece of dog skull was success-
fully transplanted into the damaged skull of a
Dutch duke. The Chinese recorded the first use of
dental amalgam to repair decayed teeth in the
year 659 AD, while pre-Columbian civilizations
used gold sheets to heal cranial cavities following
trepanation [7]. Furthermore, in 1970, Amadeo
Bobbio discovered Mayan skulls, some of them
more than~4000 years old, in which missing
teeth had been replaced by nacre substitutes [8].
Unfortunately, due to the practice of cremation in
many societies, little is known about prehistoric
materials used to replace bone lost to accident or
disease.

Plaster of Paris was the first widely tested arti-
ficial bioceramics in history. In the past many
implantations failed due to infections, and fur-
thermore the infections tended to be exacerbated
in the presence of implants, since they provided a
region inaccessible to the body’s immunologi-
cally competent cells. The use of biomaterials did
not become practical until the advent of an asep-
tic surgical technique developed by Dr. J. Lister
in the 1860s. Furthermore, there was a lack of
knowledge about a toxicity of the selected mate-
rials. In this frame, application of calcium ortho-
phosphates appears to be logical due to their
similarity with the mineral phases of bones and
teeth [9-13]. Calcium orthophosphates families
are not toxic and do not cause cell death in the
surrounding tissues. According to available liter-
ature, the first attempt to use them (it was TCP) as
an artificial material to repair surgically created
defects in rabbits was performed in 1920 [14].
Although this may be the first scientific study on
use of a calcium orthophosphate for bone defects
repair, it remains unclear whether the calcium
orthophosphate was a precipitated or a ceramic
material and whether it was in a powder or granu-
lar form. The second clinical report was only
published 30 years later [15]. More than 20 years
afterwards, the first dental application of a cal-
cium orthophosphate (erroneously described as
TCP) in surgically created periodontal defects
[16] and the use of dense HA cylinders for imme-
diate tooth root replacement [17] were reported.
According to the available databases, the first
paper with the term “bioceramics” in the abstract

G.G. Dubois and A. Lerch

was published in 1971 [18], while with that in the
title were published in 1972 [19, 20]. However,
application of the ceramic materials as prostheses
had been known prior to that time [21-24].
Further historical details might be found in litera-
ture [25, 26]. The first international symposium
on bioceramics was held in Kyoto, Japan on April
26, 1988.

Commercialization of the dental and surgical
applications of calcium orthophosphate (mainly,
HA) bioceramics occurred in the 1980s, largely
due to the pioneering efforts by Jarcho [27-30] in
the USA, de Groot [31-33] in Europe and Aoki
[34-46] in Japan. Shortly afterwards HA has
become a bioceramic of reference in the field of
calcium orthophosphates for biomedical applica-
tions. Preparation and biomedical applications of
apatites derived from sea corals (coralline HA)
[38—40] and bovine bone [41] have been reported
at the same time [42].

General Knowledge and Definitions

A number of definitions have been developed for
the term “biomaterials”. For example, by the end
of the 20th century, the consensus developed by
the experts was the following: biomaterials were
defined as synthetic or natural materials to be used
to replace parts of a living system or to function in
intimate contact with living tissues [47]. However,
in September 2009, a more advanced definition
was introduced: “A biomaterial is a substance that
has been engineered to take a form which, alone or
as part of a complex system, is used to direct, by
control of interactions with components of living
systems, the course of any therapeutic or diagnos-
tic procedure, in human or veterinary medicine”
[6]. The definition alterations were accompanied
by a shift in both the conceptual ideas and the
expectations of biological performance, which
mutually changed in time [7].

In general, the biomaterials discipline is
founded in the knowledge of the synergistic
interaction of material science, biology, chemis-
try, medicine and mechanical science and it
requires the input of comprehension from all
these areas so that potential implants perform
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adequately in a living body and interrupt normal
body functions as little as possible [8]. As bioma-
terials deal with all aspects of the material syn-
thesis and processing, the knowledge in
chemistry, material science and engineering is
essential. On the other hand, as clinical implanto-
logy is the main purposes of biomaterials, bio-
medical sciences become the key part of the
research. These include cell and molecular biol-
ogy, histology, anatomy and physiology. The
final aim is to achieve the correct biological inter-
action of the artificial grafts with living tissues of
a host. In order to achieve the goals, several
stages have to be performed, such as: material
synthesis, design and manufacturing of prosthe-
ses, followed by various types of tests.
Furthermore, any potential biomaterial must also
pass all regulatory requirements before its clini-
cal application [9].

Chemical Composition
and Preparation

Hydroxyapatite (HA)

Hydroxyapatite (HA) is part of the apatite family
of apatite that are compounds whose main fea-
ture is their ability to accept a large number of
substitutions and ionic gaps. The stoichiometric
apatites are generally represented by the chemi-
cal formula:

Me,, (XO4 )6 Y,

Where Me is a divalent metal, XO, a trivalent
anion and Y a monovalent anion. Stoichiometric
hydroxyapatite is therefore represented by the
formula Ca,;((PO4)s(OH),. The stoichiometric
HA is characterized by its Ca/P ratio of 1.67. Its
infrared spectroscopic analysis shows character-
istic bands allocated to OH™ ions and phosphate
group; and its X-ray diffraction diagram of X
corresponds to a hexagonal structure (P63/m
group) with the lattice parameters: a=0.9422 nm
and ¢=0.688 nm [48].

The mesh contains ten calcium atoms and six
PO, tetrahedra and two hydroxyl groups. The

assembly of PO,*" ions in the form of honeycomb
which constitutes the backbone of the network
and provides a great stability to the structure of
hydroxyapatite. There in the house of the mesh
type two tunnel, one with a diameter of about
2.5 A and the other between 3 A and 4.5A. These
tunnels confer hydroxyapatite ion exchange
properties and acceptor small molecules (O,,
H,O0, glycine ...).

The synthesis of hydroxyapatite can be done
in two ways, either by precipitation in an aqueous
medium in the presence of ammonia to adjust pH
or by thermal reaction at high temperature.

B -tricalcium phosphate ($-TCP)

f -tricalcium phosphate has the chemical formula
Ca;(PO,),. It is characterized by a Ca / P ratio of
1.5. It is rhombohedral structure (R3c group) and
has the lattice parameters a=b=1.0439 nm and
¢=3.7375 (for multiple hexagonal mesh).

Its preparation is made by sintering at high
temperature deficient apatite calcium Ca/P ratio
of 1.5 or by solid-solid reaction at high tempera-
tures. Sintering temperatures are usually between
1000 and 1250 ° C [49].

There is another way of implementing the
TCP wet. The principle is to obtain a precipitate
poorly crystallized using a phosphate source and
a source of calcium while controlling the tem-
perature and pH. The whole is then calcined at
high temperature.

Forming and Shaping

In order to fabricate bioceramics in progressively
complex shapes, scientists are investigating the
use of both old and new manufacturing techniques.
These techniques range from an adaptation of the
age-old pottery techniques to the newest manufac-
turing methods for high-temperature ceramic parts
for airplane engines. Namely, reverse engineering
[50, 51] and rapid prototyping [52-54] technolo-
gies have revolutionized a generation of physical
models, allowing the engineers to efficiently and
accurately produce physical models and
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Fig.15.1 Example of calcium phosphate ceramic obtains
by rapid prototype technique

customized implants with high levels of geometric
intricacy. Combined with the computer-aided
design and manufacturing (CAD/CAM), complex
physical objects of the anatomical structure can be
fabricated in a variety of shapes and sizes. In a
typical application, an image of a bone defect in a
patient can be taken and used to develop a three-
dimensional (3D) CAD computer model [55-58].
Then a computer can reduce the model to slices or
layers. Afterwards, 3D objects and coatings are
constructed layer-by-layer using rapid prototyping
techniques. A custom-made implant of actual
dimensions would reduce the time it takes to per-
form the medical implantation procedure and sub-
sequently lower the risk to the patient. Another
advantage of a pre-fabricated, exact-fitting implant
is that it can be used more effectively and applied
directly to the damaged site rather than a replace-
ment, which is formulated during surgery from a
paste or granular material (Fig. 15.1).

In addition to the aforementioned modern
techniques, classical forming and shaping
approaches are still widely used. The selection of

the desired technique depends greatly on the
ultimate application of the bioceramic device,
e.g., whether it is for a hard-tissue replacement or
an integration of the device within the surround-
ing tissues. In general, three types of the process-
ing technologies might be used:

— Employment of a lubricant and a liquid binder
with ceramic powders for shaping by impreg-
nation of polymeric foam and subsequent
firing;

— Application of self-setting and self-hardening
properties of water-wet molded powders with
or without porogen agent;

— Materials are melted to form a liquid and are
shaped during cooling and solidification.

Sintering and Firing

A sintering (or firing) procedure appears to be of
a great importance to manufacture bulk bioc-
eramics with the required mechanical properties.
Usually, this stage is carried out according to
controlled temperature programs of electric fur-
naces in air. The firing step can include tempo-
rary holds at intermediate temperatures to burn
out organic binders [59]. The heating rate, sinter-
ing temperature and holding time depend on the
starting materials. For example, in the case of
HA, these values are in the ranges of 0.5-3 °C/
min, 1000-1250 °C and 2-5 h, respectively [60].
In the majority cases, sintering allows a structure
to retain its shape. However, this process might
be accompanied by a considerable degree of
shrinkage, which must be accommodated in the
fabrication process.

In general, sintering occurs only when the
driving force is sufficiently high, while the latter
relates to the decrease in surface and interfacial
energies of the system by matter (molecules,
atoms or ions) transport, which can proceed by
solid, liquid or gaseous phase diffusion. Namely,
when solids are heated to high temperatures, their
constituents are driven to move to fill up pores and
open channels between the grains of powders, as
well as to compensate for the surface energy dif-
ferences among their convex and concave sur-
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faces (matter moves from convex to concave). At
the initial stages, bottlenecks are formed and grow
among the particles. Existing vacancies tend to
flow away from the surfaces of sharply curved
necks; this is an equivalent of a material flow
towards the necks, which grow as the voids shrink.
Small contact areas among the particles expand
and, at the same time, a density of the compact
increases and the total void volume decreases. As
the pores and open channels are closed during a
heat treatment, the particles become tightly
bonded together and density, strength and fatigue
resistance of the sintered object improve greatly.
Grain-boundary diffusion was identified as the
dominant  mechanism  for  densification.
Furthermore, strong chemical bonds are formed
among the particles and loosely compacted green
bodies are hardened to denser materials.

In the case of calcium orthophosphates, the
earliest paper on their sintering was published in
1971 [61]. Since then, numerous papers on this
subject were published and several specific pro-
cesses were found to occur during calcium ortho-
phosphate sintering. Firstly, moisture, carbonates
and all other volatile chemicals remaining from
the synthesis stage, such as ammonia, nitrates
and any organic compounds, are removed as gas-
eous products. Secondly, unless powders are sin-
tered, the removal of these gases facilitates
production of denser ceramics with subsequent
shrinkage of the samples. Thirdly, all chemical
changes are accompanied by a concurrent
increase in crystal size and a decrease in the spe-
cific surface area. Fourthly, a chemical decompo-
sition of all acidic orthophosphates and their
transformation into other phosphates (e.g.,
2HPO,* - P,0,* +H,01) takes place. Besides,
sintering causes toughening, densification, par-
tial dehydroxylation (in the case of HA) [32],
grain growth, as well as it increases the mechani-
cal strength.

Bone Substitute Characteristics
For their use in clinical, bone substitutes must

meet certain criteria. These characteristics define
the efficiency of filling material.
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Biocompatibility

The biocompatibility of substitute employees is
very important. These materials and their degra-
dation products must not, in fact, present cytotox-
icity or be accompanied by a strong inflammatory
reaction.

By their nature, calcium phosphate materials
and their degradation products (calcium phos-
phate) are perfectly assimilated by the body and
even participate in bone regeneration. Either
in vitro or in vivo, most of these materials exhibit
a very good biocompatibility. The implantation
of HA ceramic, of f-TCP or BCP in animals is
accompanied by a good bone apposition to the
surface of the materials, without the presence of
inflammatory response [62]. In rare cases, exces-
sive dissolution of materials is accompanied by
cytotoxicity and consequently a lack of efficacy.
Such observations have been made for ceramic of
a-TCP [63].

Osteoconduction

The osteoconduction is currently defined as the
ability of a material to permit bone growth when
in contact or near a bone [62]. The material must
be able to accommodate the osteoblast precursors
that migrate from the bone marrow and ensure
their proliferation and differentiation into
osteoblasts.

Calcium phosphate ceramics have very good
osteoconductive properties and their capacity is
determined by characteristics including their chem-
ical composition and macroporosity. Implantation
in BCP ceramic dog femurs (HA / -TCP: 60/40)
shows an earlier osseointegration and a quantity of
new bone than all time of the study compared to
samples HA (similar porosity) [64].

Wilson et al. [65] have also studied in combi-
nation the effects of composition and the macro-
porosity of the osteoconductive potential of
calcium phosphate ceramics. They compared
bone formation after implantation in the lumbar
spine of samples goat B-TCP, HA and BCP (HA /
B-TCP: 80/20) which were sintered at different
temperatures, and therefore having different
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macropores. They then classified the samples to
their potential osteoconductive: BCP sintered at
low and medium temperature (rough and
smooth)=p-TCP>HA sintered at low tempera-
ture>PCO sintered at high temperature (rough
and smooth)>HA sintered high temperature. In
view of the results, they indicate that the param-
eter that determines the potential bioactivity
would osteoconductive ceramics related to their
dissolution rate.

In their study, Habibovic et al. [66] have
obtained comparable results after implantation
site in orthotopic various calcium phosphates:
HA, carbonated apatite ceramics and BCP lack-
ing macropores induce little bone formation
while it is very important for BCP macroporous
samples.

Bioactivity

Bioactive materials have the unique property to
create a direct contact with the bone without
fibrous cap formation thereby increasing their
potential for integration. This ability is the ability
for these biomaterials to precipitate to their sur-
face a nanocrystalline apatite similar to bone
mineral, in contact with biological fluids [67].
The formation of the apatite phase is done in sev-
eral steps: (1) existence of a supersaturated envi-
ronment in calcium and phosphate ions; (2)
precipitation in the material surface of a nano-
crystalline carbonated apatite; (3) organization
and incorporation of this phase with the organic
matrix of the newly formed bone. The first step is
carried out naturally and biological fluids in con-
tact with an implant are supersaturated with
respect to apatite nanocrystalline likely to form.
It is considered that the ionic product is close to
the serum phosphate solubility product octacal-
cium (OCP) [68]. The second step depends on
the surface nucleating properties, it is particularly
important for hydroxyapatite and other calcium
phosphates may promote the epitaxial growth of
apatite crystals. However, the ability of a surface
to promote the germination of an apatite phase
may be enhanced by the release of inorganic ions
of the biomaterial itself.

G.G. Dubois and A. Lerch

Two other ions may contribute to this effect,
phosphates and OH™ ions by their effect on the
local pH, and some biomaterials also use these
properties. The third step is more complex and
involves many physicochemical and biological
parameters. Among the physical-chemical
parameters, it should be mentioned the speed of
crystal growth, the inhibition of growth and ger-
mination by proteins or ions (Mg, carbonates,
pyrophosphates, citrates ...), the distribution of
these groups to the mineralization front.

The biological parameters concern, including
adhesion, proliferation, differentiation and min-
eralization of osteoblasts, which depend strongly
on the surface of the biomaterial and certain min-
eral ions in solution (particularly calcium and
phosphate). As bone mineral, apatite nanocrys-
talline new formed phase is very reactive and it
has significant capacity ion exchange and adsorp-
tion of proteins. It has also been suggested that
proteins from surrounding fluids may be co-
precipitated and thus included in this apatite layer
during its formation. The materials of bioactivity
was shown for the first time by Hench et al. [69]
who noticed the formation of the apatite layer on
their bioglass.

The presence of nucleation sites and an
increase of the supersaturation of calcium and /
or phosphate on the surface of the material are
two mechanisms to induce the formation of the
apatite similar to bone mineral [70]. Most ceram-
ics based calcium phosphates are bioactive in
varying degrees. The macroporosity of these
materials appears to play an important role in this
phenomenon, this macroporosity increases the
surface area of the samples and therefore the
number of nucleation sites. It has, on the other
hand, been suggested that it may allow to obtain
a micro environment for ion supersaturation and
calcium phosphate [70].

Biodegradation

Shortly after implantation, a healing process is
initiated by compositional changes of the sur-
rounding bio-fluids and adsorption of biomole-
cules. Following this, various types of cells reach
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Fig. 15.2 A schematic diagram representing the events,
which take place at the interface between bioceramics and
the surrounding biological environment: (/) dissolution of
bioceramics; (2) precipitation from solution onto bioceram-
ics; (3) ion exchange and structural rearrangement at the
bioceramic/tissue interface; (4) interdiffusion from the sur-
face boundary layer into the bioceramics; (5) solution-
mediated effects on cellular activity; (6) deposition of either

the bioceramic surface and the adsorbed layer
dictates the ways the cells respond. Further, a
biodegradation of the implanted bioceramics
begins. This process can occur by either physico-
chemical dissolution with a possibility of phase
transformations or cellular activity (so called,
bioresorption). More likely, a combination of
both processes takes place in vivo. Since the
existing calcium orthophosphates are differenti-
ated by Ca/P ratio, basicity/acidity and solubility
their degradation kinetics and mechanism depend
on the chosen type of calcium orthophosphate
[71, 72]. Since dissolution is a physical chemis-
try process, it is controlled by some factors, such
as solubility, surface area to volume ratio, local
acidity, fluid convection and temperature.

With a few exceptions, dissolution rates of
calcium orthophosphates are inversely propor-
tional to the Ca/P ratio (except of TTCP), phase
purity and crystalline size, as well as it is directly
related to both the porosity and the surface area.
Bioresorption is a biological process mediated by

Osteoblast Osteoprogenitor

OP

cell

the mineral phase (a) or the organic phase (b) without inte-
gration into the bioceramic surface; (7) deposition with
integration into the bioceramics; (8) chemotaxis to the bio-
ceramic surface; (9) cell attachment and proliferation; (/0)
cell differentiation; (/) extracellular matrix formation. All
phenomena, collectively, lead to the gradual incorporation
of a bioceramic implant into developing bone tissue
(Reprinted with permission from Ducheyne and Qiu [23])

cells (mainly, osteoclasts and, in a lesser extent,
macrophages). It depends on the response of cells
to their environment. Osteoclasts attach firmly to
the implant and dissolve calcium orthophos-
phates by secreting an enzyme carbonic anhy-
drase or any other acid, leading to a local pH drop
to ~4-5 [73]. In any case, in vivo biodegradation
of calcium orthophosphates is a complicated
combination of various non-equilibrium pro-
cesses, occurring simultaneously and/or in com-
petition with each other (Fig. 15.2).

The experimental results demonstrated that
both the dissolution kinetics and in vivo biodeg-
radation of biologically relevant calcium ortho-
phosphates proceed in the following decreasing
order: PB-TCP>bovine bone apatite (unsin-
tered) >bovine bone apatite (sintered) >coralline
HA>HA. In the case of biphasic (HA+TCP),
triphasic and multiphasic calcium orthophos-
phates, the biodegradation kinetics depends on
the HA/TCP ratio: the higher the ratio, the lower
the degradation rate. Similarly, in vivo
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HA surface

Fig.15.3 A schematic diagram representing the phenom-
ena that occur on HA surface after implantation: / begin-
ning of the implant procedure, where a solubilization of
the HA surface starts; 2 continuation of the solubilization
of the HA surface; 3 the equilibrium between the physio-
logical solutions and the modified surface of HA has been

degradationrate of biphasic TCP (a-TCP + -TCP)
bioceramics appeared to be lower than that of
a-TCP and higher than that of -TCP bioceram-
ics, respectively (Fig. 15.3).

Strength

Bone substitutes may be subject to large mechan-
ical forces similar to those that the bone has to
support. It is therefore important that these mate-
rials have good mechanical properties in order to
avoid erosion or fracture in the establishment
during the surgery or at the time of loading.

The mechanical strength of bone substitutes
depends mainly on their composition, their
method of production and morphology.

Dense hydroxyapatite has a high tensile
strength or compression with higher or similar
values to that of cortical bone. Its tensile strength
is between 79 and 106 MPa against 69-110 MPa
for cortical bone [75] and its compressive strength
up to 400 MPa against 100-200 MPa for the cor-
tical bone [76].

However, the necessary presence of intercon-
nected pores in the materials decreases drasti-
cally their mechanical properties. The values
obtained, which vary depending on the type of
calcium phosphate ceramic studied, varies

_Ca3(PO4)OH:"C;a3(PO4) CaHPO,... | _
O 0O 6 O @
HA

achieved (changes in the surface composition of HA does
not mean that a new phase of DCPA or DCPD forms on the
surface); 4 adsorption of proteins and/or other bioorganic
compounds; 5 cell adhesion; 6 cell proliferation; 7 begin-
ning of a new bone formation; 8 new bone has been formed
(Reprinted with permission from Bertazzo et al. [74])

between 1 MPa for an average porosity of 70 %
and 10 MPa for a porosity of 50 %.

Porosity

The morphology of bone substitutes is a major
parameter that determines their effectiveness.

It is indeed necessary that the material con-
tains interconnected pores. It has been shown that
two porosities ranges must be present to ensure
good bone reconstruction:

A Macroporosity

Macroporosity generally corresponds to pores of
diameter greater than 100 pm, and typically
between 300 and 600 pm. The presence of these
macropores provides invasion of the material by
the cells as well as the establishment of the vascu-
lature for a contribution of biological fluids for the
survival and cell differentiation. A minimum
porosity of 40-70 pm is essential to the invasion
of blood vessels and bone formation. Klenke et al.
[77] showed that the size of the macropores was
directly correlated to the amount of bone and the
number of vessels formed after implantation BCP
ceramics on rat skulls. The values obtained were
significantly higher porosities for ranges greater
than 140 pm and with increasing pore size.
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A Microporosity

The presence of mesopores of diameter less than
10 pm - commonly called micropores in biomate-
rials - also plays an important role in the recon-
struction efficiency of these materials, particularly
their osteoconductive properties. It has been sug-
gested that these micropores were likely to play a
role at several levels: increase the surface area of
the materials, creating a microenvironment
within the pores, increasing roughness, increased
resorbability. These various parameters associ-
ated with the reactivity of the material, may thus
have an influence on the bioactivity of the mate-
rial or its adsorption capacity [78].

Clinical Use

It is clear from the above analysis that the trical-
cium phosphate ceramics with Hydroxyapatite
provide an excellent channel to perform inter-
body grafts referred obtaining fusion. The
mechanical properties of these ceramics are
poorly resistant materials to compression and in
case of direct trauma, which can be prone to
breakage phenomena. For this reason and
because of their high standards of biocompatibil-
ity, osteoconduction, bioactivity and biodegrada-
tion that make it a particularly attractive
alternative. Must protect the ceramic undue
strain while putting it in contact with the bone
surface to which it is desired to fusion. For this
reason, we turned to the use of cages poly-
etheretherketone (PEEK), which are filled with
ceramic ensuring immediate stabilization and
that endures over time, for osseointegration. We
use this type of cage since 2003 and their current
presentations RSF (ready-set-fuse) since 2007,
he is ready to install cage, sterile, single pack-
age, presented on a disposable cage holder (KG
BONE KASIOS Biomaterials).

Technical
The technique uses a channel pre sterno-mastoid

cleido classic type ROBINSON Smith by lateral
anterior left approach centered on the floor to be
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treated under image control intensifier and the
operating microscope. The horizontal incision in
the folds of the 4 cm long neck, allows the dis-
section of the aero-digestive elements repressed
inwards while the vessel elements are pushed
apart until they reach the front side of the disc
level concerned. Then put in place a retractor
Caspar to achieve adequate distraction. Under
the operating microscope, pathological discec-
tomy disc is full, osteophytes are removed with
strawberry or Kerrison forceps to the posterior
longitudinal ligament is resected. Decompression
may be complete; should allow good visualiza-
tion of the dura and the departure of the roots. It
is then strictly dissect the most central part of the
endplates above and below while leaving a
corolla device that will be used to support the
cage peak to limit or avoid any phenomenon of
collapse (subsidence). For this reason, the choice
of the height of the cage is crucial, it is per-
formed under control amp slight detraction so
that self-locking by simply tension neck mus-
cles, provides a self definitely complete stabili-
zation preventing any mobilization cage.
Furthermore, the contact area between the plate
and the substitute must be discreetly sharpened
to facilitate the fastest possible exchange
between the cells and the patient’s blood and
bone substitute ready to be colonized. The height
of the implant is also determined by the height of
the adjacent discs.

Clinical Series: Indications

Our personal experience is about more than 200
cases and we have taken for this article, the most
distant event. Clinical series beginning in 2003
and 2007 in its current format with the use of cages
peek responsible substitute, called cages anatomi-
cal given their retantifs profiles and the presence of
striated surfaces that allow immediate attachment
to the endplates and prevents any possible cringe
to the pharyngolaryngeal space. We distinguish
two main types of indications, the soft disc hernia-
tion responsible for cervical brachial neuralgia
refractory to medical treatment for more than
3 months with positive signs EMG to suggest a
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Fig. 15.4 Three months control of a double stabilization by cage with plate on 5/6 for re-lordosis and stand-alone
on6/7

confrontation with the clinic, rigorously root issue
in compression phenomenon. As part of the
treatment for herniated disc, we perform a remote
installation of KGBONE cage without associated
plate; as well as for the treatment of cervical-bra-
chial neuralgia by uncarthrosis.

Our resort to the use of a plate located on the
anterior aspect of the vertebral bodies in front
of the space not filled cage is used only when
wide bone resection, in case of change of slope
trays, secondary to the release or when it is nec-
essary to induce re-segmental lordosis. We then
use the Wedge types of cages and protect the
implant by the establishment of a bone plate.
The procedure can be one or two floors, the
plate protecting only the space that the angle
has been modified and / or release imposed a
modification of the anatomical profile of the
vertebral plates (Fig. 15.4).

We are then in the treatment of cervico-
arthrosis myelopathy second major indication or
damage post-traumatic disc.

Analysis of Results

The purpose of this review is to analyze only the
complications of surgical technique, performed
according to the principles of minimally invasive
surgery, or in connection with the hardware or
RSF cages.

One hundred records were reviewed.

The average follow-up was 6 years with
extremes ranging from 48 to 96 months.

— Regarding the surgical technique: no recovery
for the stage in question; no hematoma or
infection; three transient dysphagia less than
10 days; three dysphonia by recurrent laryn-
geal nerve paresis in three already operated
for two patients in the cervical spine for the
third of the thyroid. The three cases have
recovered with speech therapy.

— No postoperative cervical collar; physiother-
apy isometry the first three weeks and then
possibly dynamic.
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— About hardware: no recovery for the surgery floor
No breakage substitute or cage
No mobilization of equipment.

— Concerning fusion: it is confirmed by the pres-
ence of an osseous bridge between the two end-
plates. Typically the bone bridge is faster visible
back of the cage; Then an earlier bridge is fre-
quently observed; loss of lucency substitute on
lateral radiographs confirmed bone colonization.

In case of doubt the dynamic views and scan
with reconstructions can be concluded the merger
or nonunion.

In our review, - 8 cases were syntheses, all
fusion (100 % fusion with plate). - 92 cases
received a single cage, 2 cases showed no melting
criterion control to a year. A recovery was pro-
posed with osteosynthesis which was refused.
The fusion rate at one year was 97.8 % in this
series. This is in agreement with the literature
and the results published by RJ Mobbs [79].

One these two non-fusion patients also pre-
sented impaction of the cage. This phenomenon
was found in two other cases that have merged
but with impaction of the cage in the adjacent
plates give an overall rate of subsidence 3.26 %.
This rate is lower than in the literature, probably
related to the surgical technique, our preparation
of plates being very frugal, strictly maintaining a
central “corolla” peripheral support for the cage.

Conclusion
Cages PEEK containing a dicalcium phos-
phate with hydroxyapatite ceramic is a reliable
alternative to autograft in cervical surgery by
anterior approach for the treatment of cervico
neuralgia by herniated or uncarthrose and cer-
vico-arthrosis myelopathy one, two or three
floors. They provide an excellent fusion rate.
This is a simple, fast, reliable, decreasing
the risk of infection. Ceramics realize real
interbody fusions.
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Introduction

The cervical spine consists of seven vertebral
bodies with intervening discs. The discs and the
unique configuration of the posterior zygoapoph-
yseal joints allow a full 3D positioning of the
head in the space, while the vertebral bodies pro-
vide a protective passage for the spinal cord and
vertebral arteries. Degenerative changes in inter-
vertebral discs due to aging or trauma can alter
significantly the biomechanics of the cervical
spine and lead to compression of nerve roots or
spinal cord. For many years, the only available
treatment option for cervical degenerative disc
disease has been either discectomy (anterior cer-
vical discectomy, ACD) or discectomy and fusion
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(anterior cervical discectomy and fusion, ACDF).
In recent years cervical disc arthroplasty (or cer-
vical total disc replacement,TDR) has emerged
as a viable alternative to fusion and the develop-
ment of new artificial disc devices has been an
area of intense research. The aim of this chapter
is to present the current state of this technique,
including the results of the best available out-
come studies of the most common devices.

Anterior cervical discectomy and fusion
(ACDF) surgery was pioneered by Cloward and
Smith - Robinson in early 1950s. Following the
early encouraging results, the new technique rap-
idly spread out and became the gold standard in
treatment of cervical spondylosis and disc degen-
eration. Numerous recent studies have reported
good to excellent results in 70-90 % of patients,
and a fusion rate of 89 % in single level operation
[1]. However, despite being a successful and
widely used procedure some important draw-
backs of this technique have become apparent as
more fusions are performed every year through-
out the world.

Adjacent segment degeneration is defined as
the radiographic appearance of degenerative
changes at a level above or below a fused seg-
ment. The reported incidence of this phenomenon
varies greatly in literature, and it is a matter of
intense debate among spinal surgeons. It is worth
noting that a clear difference exists in the mean-
ing of the terms adjacent segment degeneration
(ASDeg) and adjacent segment disease (ASDis).
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Adjacent segment disease is defined as adjacent
segment degeneration with clinical symptoms
(pain or neurologic disorders or both), whilst
adjacent segment degeneration (ASDeg) only
refers to the presence of radiographic degenera-
tive changes in the absence of clinical symptoms.
This distinction is not always clear in literature,
and often leads to unclear estimates of the real
extent of the phenomenon.

In 1999, Hilibrand et al. [2] reported on the
long-term outcome of 374 patients after single
and multiple-level ACDF surgery and observed a
constant yearly incidence of ASDis of 2.9 %
(range, 0.0-4.8 % per year) during the first
10-years after the operation. The Kaplan-Meier
survivorship analysis developed by the authors
suggested that 13.6 % of patients with ACDF will
develop ASDis within the first 5 years after sur-
gery and that 25.6 % will have new disease within
10 years after the index procedure. Although the
actual reported figures of 11.7 % prevalence of
ASDis at 5 years and 19.2 % prevalence at 10
years are slightly lower, they provide a good
overview of the real extent of the problem. Other
authors [3, 4] have confirmed these findings
reporting an incidence of ASDis of 25 % at 5-10
years after surgery. On the other hand, reported
incidence of ASDeg is much higher as shown by
many studies available in literature. In 2004,
Goffin et al. [5] studied the long-term outcome of
108 patients after ACDF surgery and observed a
92 % rate of ASDeg at 5 years after surgery. More
recently, Matsumoto et al. [6] conducted a pro-
spective 10-year follow-up study on 64 patients
who underwent ACDF and 201 asymptomatic
volunteers and found progression of degenerative
changes to be significantly more frequent in the
ACDF group.

Although reported data suggest a strong cor-
relation between ACDF surgery and higher risk
of ASDis, this is most likely a multifactorial pro-
cess. The incidence of degenerative changes in
the cervical spine increases with aging. In a semi-
nal study which is both beautiful in its simplicity
and informative in its results, Boden et al. [7]
studied the prevalence of degenerative changes in
the cervical spine of 68 asymptomatic volunteers
and found that abnormalities were present in 14
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% of the subjects less than 40 years old and in 28
% of those who were older than 40. In a different
study on cervical disc herniation and radiculopa-
thy, Henderson et al. [8] noted new radiculopathy
at a different level in 9 % of 846 patients after
postero-lateral foraminotomy without fusion at
an average of 3 years after surgery. This study is
frequently cited by authors who believe that
ASDeg/ASDis is part of the normal aging pro-
cess of the cervical spine and the higher inci-
dence observed in patients treated with ACDF is
to be related to an intrinsic genetic predisposition
of these patients.

Other factors are also important in determin-
ing the risk of ASDeg. As shown by Nassr and
co-workers [9] the insertion of a marking needle
during surgery in a disc at the wrong level deter-
mined a 3-fold increase of the risk of disc
degeneration at that level. Similarly, placement
of an anterior plate within 5 mm from the adja-
cent segment has been shown to be a significant
risk factor for adjacent level ossification and
degeneration [10, 11]. On the other hand, intrin-
sic mechanical factors are also involved in the
degeneration process. According to Hilibrand
et al. [2] the relative risk of ASDis is 3.2 times
higher at the C3-C4 and C4-CS5 levels than
C2-C3 level and 4.9 times higher at C5-C6 and
C6-C7 interspaces. Biomechanical analyses
have shown an increase of intradiscal pressure
(stress) at the levels adjacent to a previous
fusion and led to the concept that levels adjacent
to a fusion have to compensate for the loss of
motion in the fused segment [12]. Finally, more
recent studies have also focused their attention
of the effects of spine sagittal alignment on the
incidence of ASDeg and ultimately ASDis.
Many studies have shown a direct correlation
between postoperative spinopelvic parameters
(i.e. mismatch between lumbar lordosis and pel-
vic incidence) and higher risk of degenerative
changes at adjacent levels to a lumbar fusion
[13—15]. The effects of sagittal balance on
ASDeg have been much less studied in the cer-
vical spine, but it is reasonable to think that
similar relationships can be identified between
cervical sagittal imbalance and incidence of
ASDeg [16].
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The aim of cervical disc arthroplasty is to pre-
serve segmental motion after removing local
pathology that is deemed to be the cause of
patient’s symptoms. The typical candidate for
cervical disc replacement is the young active
adult with single level soft disc herniation and
intact zygapophyseal joints. Motion preservation
at the index level avoids stress raise at the adja-
cent levels and prevents later adjacent segment
degeneration/disease (ASDeg/ASDis). By not
achieving fusion, cervical disc replacement also
avoids the morbidity of bone graft harvest and
typical complications of ACDF surgery, such as
pseudoarthrosis, issues caused by anterior cervi-
cal plating, and prolonged cervical spine
immobilization.

History and Implant Design

Some basic understanding of the history of TDR
is of pivotal importance in interpreting present
clinical results and evaluating future devices.
Many new implants have been developed in
recent years, reflecting an increased interest on
non-fusion technologies by industry and clini-
cians. However, over the last 40 years, three fun-
damental designs have emerged in TDR [17].
These three design philosophies have led to the
development of three different prosthetic devices:
the PRESTIGE (Medtronic, Inc.), the BRYAN
(Medtronic, Inc.), and the ProDisc-C (Synthes-
Spine, Inc.). These three implants will be dis-
cussed here and will serve as base knowledge to
evaluate other available implants.

Early attempts at developing an artificial sub-
stitute of the intervertebral disc with stainless
steel balls are credited to Ulf Fernstrom and
date back to 1960s. However, the early clinical
follow-up of the new technique showed unac-
ceptably high rates of implant migration (88 %)
and subsidence and led many surgeons to direct
their interest towards fusion procedures [18].
Twenty years later, in 1989, B.H. Cummins at
the Frenchay Hospital in Bristol, UK, developed
the first model of a modern cervical disc arthro-
plasty. This new device consisted of two pieces
of 316 L stainless steel with a metal-on-metal
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ball-and-socket design. The anchoring system
consisted of two anterior screws that fixed the
device to the vertebral body. Unfortunately,
early implants were plagued by high incidence
of screws pullout, dysphagia and implant mobi-
lization [19].

A second-generation device was developed
from the original Cummins prosthesis with the
name of Frenchay artificial disc in 1998. The
anterior profile of the device, the locking
screw system and the articulating surface were
all completely redesigned and following
acquisition by Medtronic, Inc., renamed
PRESTIGE I Disc. Several redesigns of the
implants have led to the fourth-generation sys-
tem, PRESTIGE ST, and more recently to the
fifth-generation PRESTIGE LP (low profile)
disc. Although the metal-on-metal design has
not been modified, the articulating mechanism
of the PRESTIGE ST has been changed into a
coupled, semiconstrained system. The newer
PRESTIGE LP model is made of a titanium-
ceramic composite and incorporates two end-
plate rails for extra fixation strength in the
vertebral body (Fig. 16.1).

The BRYAN cervical disc (Medtronic, Inc.)
was designed by the American neurosurgeon
Vincent Bryan from Seattle in 1990s. The con-
cept and design of the BRYAN disc is completely
different from the Bristol/PRODISC series. This
device consists of two titanium alloy endplates
articulating with a polyurethane core. The two
titanium endplates are fixed to the bone by a
porous titanium layer and stability is achieved
through a tight fit of the prosthesis in the milled
cavity (Fig. 16.2). The implant has been exten-
sively tested in Europe and received US FDA
approval in May 2009.

The third alternative to metal-on-metal implants
is represented by the ProDisc-C device (Synthes,
Inc.) which has recently obtained the approval for
use in the United States. The ProDisc-C system
was developed by Dr. Thierry Marnay in France
and consists of two cobalt-chrome-molybdenum
(CCM) endplates with an UHMWPE articulating
surface. It is a ball-and-socket constrained pros-
thesis and has a central keel for extra fixation in the
vertebral body.
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Fig. 16.1 Left, PRESTIGE® ST cervical disc prosthesis; Right, PRESTIGE® LP prosthesis (Image provided by

Medtronic, Inc)

\

Fig. 16.2 BRYAN® Cervical Disc prosthesis (the
BRYAN® Cervical Disc incorporates technology devel-
oped by Gary K. Michelson, MD. Image provided by
Medtronic, Inc)

Other devices have recently joined the market
of cervical TDR. Kineflex-C disc (Spinal Motion,
Inc.) and CerviCore disc (Stryker Spine, Inc.) are
metal-on-metal implants, whilst PCM
(CerviTech, Inc.), DISCOVER (DePuy Spine,
Inc.), and the MOBI-C (LDR, Inc.) are metal-on-
UHMWPE implants.

Indications for Use
and Contraindications

The rationale of considering TDR rather than a
standard fusion procedure (i.e. ACDF) lies in the
aim of preserving motion of the treated segment
and preventing adjacent-segment degeneration.
The typical candidate patient for TDR is the
young active adult patient with single level symp-
tomatic disc disease (i.e. radiculopathy) from C3
to T1 with intact posterior facet joints. General
contraindications are marked reduction of the
disc space with loss of motion at that level, zyg-
apophyseal joint osteoarthritis, significant defor-
mity in the sagittal and coronal plane, clear
segmental instability, and infection. Other rela-
tive contraindications include rheumatoid arthri-
tis, renal failure, osteoporosis, cancer, and
preoperative corticosteroid use [20].

Evaluation of sagittal alignment, presence of
zygapophyseal joint osteoarthritis and instability
is of paramount importance and should be under-
taken as routine preoperative assessment in every
patient. Standard X-ray films (i.e. AP and lateral
view) of the cervical spine and flexion-extension
studies are usually sufficient in clarifying the
extent of residual movement at the index level
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Table 16.1 List of commonly accepted indications and contraindications to cervical total disc replacement

Indications for cervical TDR

Radiculopathy caused by soft disc

herniation herniation

Myelopathy caused by disc herniation

Radiculopathy caused by foraminal

osteophytes

and the presence of osteoarthritic changes in the
posterior joints.

The role of TDR in patients with axial neck
pain has not been clarified yet and therefore disc
pathology with no neurological symptoms should
notbe considered anindication for TDR. European
and US trails have enrolled patients with cervical
radiculopathy due to disc herniation (soft or
hard), foraminal osteophytes as well as cervical
myelopathy. In our clinical experience the pres-
ence of a hard disc herniation should be consid-
ered a relative contraindication to TDR due to
frequent need of a more extensive disruption of
the endplate for a satisfactory clearance of the
canal. In both European and North American tri-
als, there has been a strong prevalence of patients
enrolled with radiculopathy (77-93 %) rather
than cervical stenosis/myelopathy. The role of
TDR in cervical myelopathy has been recently
investigated by different authors. Sekhon and co-
workers [21] from Australia reported on 11
patients with single level myelopathy treated
with TDR and average follow-up of 18 months.
Although significant improvement was reported
in clinical outcome measures, two complications
were noted. One patient developed heterotopic
ossification, and another patient developed pro-
gression of myelopathic compression due to
postoperative oedema. Moreover, worsening of
sagittal alignment of the cervical spine was noted
in three patients. On the other hand, other authors
have reported their positive experience of TDR in
myelopathic patients. Fay et al. [22] reported on
the results of a comparative study of TDR in 151

Relative indications for cervical TDR
Radiculopathy caused by hard disc

Contraindications for cervical TDR
Osteoarthritis of the
zygapophyseal joints

Sagittal malalignment of the
cervical spine

Segmental instability

Infection
Previous posterior surgery

Ossification of the Posterior
Longitudinal Legament (OPLL)

consecutive patients with cervical radiculopathy
and cervical myelopathy. At the average follow-
up of 36 months, no differences were identified in
the two groups in terms of clinical and radio-
graphic outcomes. However in our opinion cervi-
cal TDR should be avoided in patients with
cervical myelopathy. Complete clearance of the
spinal canal and wide decompression of the spi-
nal cord are top priorities in cervical myelopathy
surgery and the achievement of a solid and stable
fusion if the best single guarantee for a long term
success of the decompression.

A summary of the most common indications
and contraindications for cervical TDR is shown
in Table16.1. Although a thorough discussion on
the indications of TDR is not possible due to the
recent introduction into clinical practice of this
technique, indications and contraindications
listed in the table are widely accepted by most
authors.

Clinical Studies
BRYAN Disc

The BRYAN disc has the longest clinical and
radiological follow-up among cervical TDR
devices. The first multicentre study on this device
was published in 2002 by Goffin and co-worker
as part of a European prospective multicentre
trial [23]. The study enrolled 60 patients with cer-
vical radiculopathy or focal myelopathy non
responsive to at least 6-weeks of conservative
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treatment. Exclusion criteria were the presence of
sole axial neck pain, malalignment of the cervical
spine, previous neck surgery and cervical insta-
bility. Only single level implants were used for
this study and clinical success rates at 6 months
and 1 year were 86 and 90 %. Because of the lack
of a control group, the authors assumed from the
literature a target level of success rate of 85 % for
ACDF surgery. The number of patient lost at fol-
low-up was significant with only 30 patients
available at the 1-year follow-up. No complica-
tions directly related to the implant were detected.
However, three patients underwent revision oper-
ation for prevertebral hematoma drainage, poste-
rior foraminotomy for residual compression, and
posterior laminectomy for residual myelopathy.
In a second study, Goffin and colleagues [24]
expanded their original study with a second
group of patients treated with two levels
TDR. The study reported the results for 103
patients in the single-level group and 43 patients
in the two-level group at 2 years follow-up.
Success rates for the single-level group were 90,
86, and 90 % at 6 months, 1 and 2 years follow-up
respectively. Patients in the two-level group had
success rates of 82 % at 6 months, and 96 % at 1
year. No device failure or subsidence was
reported in this second study and an average
postoperative range of motion of 7.9° per level in
flexion-extension was recorded. Movement was
maintained in 87.8 % of the single-level patients
and 85.7 % of two-level patients. Four complica-
tions were reported including one case of prever-
tebral hematoma, one case of epidural hematoma,
one case of pharyngeal and oesophageal injury,
and one case of residual nerve root compression.
Although enrolment criteria for the European
study included patients with focal myelopathy,
the actual number of patients with myelopathy
enrolled in the study was minimal. In a separate
study, Sekhon et al. [21] reported the results of
BRYAN disc in treatment of 11 patients with cer-
vical myelopathy with average follow-up from 1
to 17 months. No complications were reported
and improvement of Nurick grade of 0.72 points
and NDI scale of 51.4 points was noted. In con-
trast to these observations, Lafuente et al.
reported on clinical results of 37 patients with
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cervical radiculopathy and 9 patients with cervi-
cal myelopathy. Analysis of the results showed
that radiculopathy patients were doing better than
myelopathy patients. Moreover, patients with
myelopathy were also more likely to experience
residual symptoms [25].

The first extensive report on North American
experience with the BRYAN disc has been pub-
lished by Sasso and co-workers in 2007 and 2008
[26, 27]. The authors conducted a prospective,
three-center, randomized trial on 115 patients
randomized in a 1:1 ratio to disc replacement and
ACDF and plate surgery. Inclusion criteria were
similar to the European studies and included
patients with cervical radiculopathy and focal
myelopathy due to single-level disc degeneration
with symptoms non responsive to conservative
treatment. Follow-up was 2 years for 99 patients.
The authors reported a longer operative time for
the arthroplasty group (1.7 h vs 1.1 h) but a sig-
nificantly lower NDI for the disc replacement
group at 12 and 24 months (11 vs 20, p=.005).
Analysis of arm pain at 1 and 2 years also
favoured the arthroplasty group with significantly
lower VAS scores (14 vs 28, p=.014). The
reported average range of motion per level in the
disc replacement group was 7.9° in flexion-
extension at 24 months, whilst it was 0.6° in the
fusion group. No complications related to the
implants were noted, as well as no heterotopic
ossifications. Six patients underwent additional
operations during the follow-up period, four
patients in the control group and 2 patients in the
BRYAN group. Four patients (2 in the control
group and 2 in the BRYAN group) underwent a
new ACDF surgery for adjacent segment
degeneration.

The most recent and comprehensive study on
BRYAN disc has been published by Heller and
colleagues in 2009 [28]. This was part of the US
IDE trial for FDA approval of the device and con-
sisted of a prospective, randomized, controlled
trial on 463 patients with minimum follow-up of
24 months. Inclusion criteria and outcomes mea-
sures were similar to the studies published by
Sasso and co-workers [26, 27]. A total of 242
patients were enrolled in the BRYAN group and
221 patients in the control group (ACDF with
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plating). Fusion occurred in 94.1 % of the ACDF
patients at the final follow-up. Although both
groups showed improvement of the outcome
measures, analysis of the data favoured the
BRYAN group in several outcomes, including
NDI, neck pain and return to work. Overall suc-
cess rate was 82.6 % for the disc replacement
group and 72.9 % for the ACDF group at 2 years.
Complications occurred in 75 patients (31.0 %)
of the disc replacement group and 61 (27.6 %) of
the fusion group. Almost all complication were
related to general medical conditions, secondary
procedures were needed in only 6 patients for the
BRYAN group (1 revision, 3 removals of the
implant, and 2 re-operations) and in 8 patients for
the fusion group (3 removals, 1 re-operation, and
4 supplemental fixations). Total revision rate for
the BRYAN group was 2.9 and 3.2 % for the
ACDF group. The average range of motion at 24
months for the arthroplasty group was 8.1°.

ProDisc-C

The ProDisc-C implant has received the US FDA
approval for use in single-level disc arthroplasty
due to the good results reported by the IDE study
by Murray and colleagues [29]. An earlier study
by Bertagnoli et al. [30] reported on the results of
27 patients treated with single-level ProDisc-C
implantation at 1 year follow-up. Patients experi-
enced sustained improvement of their symptoms
at 1 year follow-up with decrease of NDI and
VAS scores. No device complications were
reported.

The actual FDA approval study was published
in 2009 [29]. It was a prospective, multicenter,
randomized controlled trail conducted on patients
with single-level pathology. A 1:1 randomization
scheme was adopted, 106 patients were random-
ized into the ACDF group and 103 patients in the
arthroplasty group. VAS, NDI, and SF-36 scores
were recorded at 3, 6, 12, 18, and 24 months after
surgery. Clinical outcome measures significantly
improved in both groups after surgery and results
were maintained at final follow-up. Arthroplasty
group maintained range of motion at the index
level in 84.4 %. Overall, the ProDisc-C group
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showed results equivalent or slightly superior to
the ACDF group although there was a statisti-
cally significant difference in the complication
rates. In the fusion group, 8.5 % of the patients
needed re-operation, revision, or supplemental
fixation compared with 1.8 % of the ProDisc-C
group (p=.033).

PRESTIGE Disc

The Cummins/Bristol device was the precursor
of the PRESTIGE series of disc arthroplasty. The
Cummins disc was developed to address the
problem of disc degeneration in patients with
previous fusions or with Klippel-Feil syndrome.
The first study on this device enrolled 20 patients
and showed, at 5 years, significant clinical
improvement and preservation of the movement
in 88.9 % of the patients. Unfortunately, a high
rate of complications was reported, including
screw loosening, mobilization of the implant,
dysphagia and transient hemiparesis.

The PRESTIGE I and II discs were developed
as an evolution of the original Cummins disc.
Clinical results of the PRESTIGE I disc were
published by Wigfield and coworkers in 2002. A
total of 15 patients were enrolled in a prospective
non randomized trial. Inclusion criteria encom-
passed patients with cervical radiculopathy or
single level myelopathy secondary to cervical
disc herniation or foraminal osteophytes. No sig-
nificant complications were reported by the
authors and all patients showed preservation of
motion at the index level at 2 years after surgery.
Mean flexion-extension ROM was 6.5° and mean
antero-posterior translation was 2 mm. Clinical
improvement was documented by ODI, NDI, and
SF-36 but no valuable statistical analysis was
undertaken because of the small number of
patients. The PRESTIGE II implant was studied
by Porchet and Metcalf on 55 patients. Standard
clinical and radiographic evaluation was under-
taken by the authors and the results showed a
substantial overlap between the artificial disc and
the ACDF surgery group.

The best available data on clinical safety and
efficacy of the PRESTIGE ST disc has been
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published in 2007 by Mummaneni and col-
leagues. Data from this report have also served as
the basis for the current FDA approval of this
device in the United States. The study consisted
in a prospective 1:1 randomized trial with patients
undergoing either single level disc arthroplasty or
single level ACDEF. A total of 541 patients were
enrolled, 276 patients in the PRESTIGE ST
group and 265 patients in the ACDF group. The
study showed a two-point greater improvement
of NDI in the investigational group at 12 and 24
months. Improvement in SF-36 questionnaire
scores was higher in the arthroplasty group at 12
and 24 months, as well as the VAS score. The rate
of revision surgery was lower for the interven-
tional group (5 revision surgeries) vs the fusion
group (23 revision surgeries). No device failures
or complications were reported, the average
motion preservation at 2 years was 7°. The
PRESTIGE LP disc arthroplasty has received
FDA approval for use in patients in July 2014.
In a recent meta-analysis, McAfee and col-
leagues have summarized best available evi-
dences about the use of cervical total disc
replacement in clinical practice. The authors
looked at the reported results of four prospective
randomized controlled FDA IDE trials using
BRYAN, PRESTIGE, ProDisc-C, and PCM
implants. Data from 1226 patients at 24 months
were available for the analysis. Results showed
an overall success rate of 70.8 % in the ACDF
patients and 77.6 % in the arthroplasty group
(p=0.007), thus favouring this last treatment.
The analysis of all clinical subcomponents (i.e.
neck disability index, neurological status, and
survivorship) also favoured arthroplasty over
ACDF surgery at 24 months. Survivorship
ranged from 90.9 % in the PRESTIGE group to
98.1 % in the ProDisc-C group. Survivorship
was achieved by 96.6 % of the cervical arthro-
plasty group on average and by 93.4 % of the
ACDF patients. Some criticism has been raised
regarding the poor results of the ACDF surgery
(70.8 % overall success rate) in the reported
FDA IDE trials. As pointed out by the authors of
the study a common perception of a much higher
success rate in fusion patients undermines confi-
dence in the results of these trials. FDA criteria
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for definition of success are much more stringent
than what has been traditionally reported in
observational studies on ACDF surgery. This
may account for the lower than expected results
of the control fusion groups; taken together these
data suggest that cervical disc arthroplasty is at
least as clinically successful as fusion at 24
months [31].

Complications

Cervical disc replacement surgery shares with
standard anterior cervical fusion surgery the
same risks related to surgical approach. In a
recent retrospective review by Fountas et al. of
1015 cases of primary one, two, and three level
ACDF and plating, reported mortality was 0.1 %;
9.5 % of the patients suffered from postoperative
dysphagia, 3.1 % had recurrent laryngeal nerve
palsy, 2.4 % prevertebral hematoma, 0.5 % had
dural perforation, 0.1 % hardware failure, and 0.1
% wound infection [32]. Access related compli-
cations for cervical arthroplasty are in the same
range. In the two European studies on BRYAN
disc, 0.97 % of patients (1 out of 103) required
evacuation of prevertebral hematoma, and 2.91 %
(3 out of 103) required additional surgery to
decompress the neural canal. Dural tear was
noted in 2.33 % of patients, and one patient
required oesophageal tear repair [23, 24].
Analysis of complications in one FDA IDE trail
showed more general medical complications in
patients who underwent total disc replacement
than the fusion group. Dysphonia/dysphagia was
noted in 10 % of patients in the arthroplasty
group, and 2.8 % of patients developed wound
infection [28].

Heterotopic ossifications (HO) and anterior
ankylosis is a known and dreaded complication
of cervical disc replacement surgery. Leung and
colleagues reported an incidence of 17.8 % (16
patients) of HO in a multicentre study on BRYAN
disc arthroplasty [33]. Similarly, Mehren et al.
reported an incidence of moderate (grade IIT) HO
of 10.4 % at 4 years after surgery in a case series
of 54 patients treated with ProDisc-C, whereas 7
cases (9.1 %) had spontaneous fusion of the
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treated segment at 1 year after surgery [34]. Other
studies have reported similar figures in the range
of 11-44 % with concomitant adjacent segment
degeneration [35, 36]. Identified risk factors for
heterotopic ossifications are pre-existing spondy-
losis, male gender and increased age [33].
Nevertheless, the aetiology of this complication
of TDR remains unknown. Some authors specu-
late that the extensive dissection of the longus
colli muscle could be a contributing factor, while
others think that extensive endplate milling
should be taken into account. Non-steroidal anti-
inflammatory drugs (NSAIDs) have been shown
to be effective in preventing HO in hip arthro-
plasty and similarly some authors have advised
their use for prevention of this complication in
cervical TDR as well. Standard protocol requires
administration of NSAIDs for 2 weeks after sur-
gery although this practice is still not supported
by any evidence [28, 37].

The aim of cervical arthroplasty is to preserve
movement at the index level and avoid mechani-
cal overloading of adjacent segments. Sagittal
alignment of the spine is of paramount impor-
tance in determining load distribution on discs
and posterior joints. Multiple studies have
reported post-operative kyphosis as an adverse
event of cervical TDR [38, 39]. Troyanovich and
co-workers have shown that adjacent segments to
a kyphotic level develop compensating hyperlor-
dosis and accelerated degeneration [40].
Kyphosis may be caused by preoperative loss of
physiological lordosis of the cervical spine but
also by asymmetric milling of the endplates,
wrong insertion angle of the implant, or undersiz-
ing of the prosthesis [41].

Implant subsidence and/or migration have
been also reported by some authors. Goffin and
colleagues reported a total of 4 implant compli-
cations (3 cases of subsidence and 1 case of
implant migration) in a series of 146 patients.
Implant failures were related to an improper mill-
ing of the endplates and implant positioning [24].
General advice is to avoid TDR in osteoporotic
patients because of the increased risk of implant
subsidence and supposedly stress shielding effect
of the implant on adjacent bone. The largest
available and possible implant footprint should
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also be used in each patient in order to increase
the load sharing area of the implant. It is impor-
tant to notice that no cases of posterior migration
and neurological compromise due to cervical
arthroplasty have been reported so far to our
knowledge. On the other hand some keeled
implants carry the risk of vertebral body fracture
during implant insertion. Datta and co-workers
reported a case of C6 vertebral body fracture dur-
ing insertion of a keeled implant [42]. Similarly
Shim and colleagues described a case of an avul-
sion fracture [43]. A specific disadvantage of
keeled implants is the bone defect created in the
vertebral body and the need of extra bone graft in
case of revision of the implant. Although no spe-
cific reports have been published in literature, the
decreased bone stock may be a problem if a sal-
vage fusion is needed.

“Aseptic loosening” or failure of a total joint
arthroplasty is a very well-known phenomenon
of polymer-bearing implants in general orthopae-
dics. Failure of the implants in these cases is
related to the local inflammatory response
induced by the wear debris released by the pros-
thesis. Macrophages and inflammatory cells
incorporate wear debris and release inflammatory
cytokines which induce a progressive bone
resorption and eventually mechanical failure of
the implant. The amount and type of local
response varies with the size, shape, amount and
surface chemical reactivity of the released parti-
cles [44]. There is some concern that this effect
may lead to aseptic loosening and chronic inflam-
matory reaction in cervical TDR as well.
Cavanaugh and co-workers reported a case where
a revision of TDR was performed and a local
chronic inflammatory reaction was noted, the
patient also developed a delayed hypersensitivity
reaction to metal ions [45]. More recently, Guyer
and colleagues reported on 4 cases of early fail-
ure of metal-on-metal TDR presenting with
worsening pain and/or radicular symptoms.
There were 3 cases of lumbar TDR and 1 case of
cervical TDR, all patients underwent posterior
decompression and anterior removal of the
implant. In the cervical case the authors observed
the presence of a gray-tinged soft-tissue sur-
rounding the implant suggestive of metallosis
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[46]. Goffin also reported on a similar case with a
BRYAN prosthesis where a chronic inflamma-
tory reaction led to osteolysis and loosening of
the implant. Lebl et al. recently published a case
series of 30 ProDisc-C implants removed and
analysed using light stero-microscopy, scanning
electron microscopy and x-ray. Posterior
endplate-endplate impingement was present in
80 % of the implants. Although no backside wear
was observed, third-body wear occurred in 23 %
of the implants [47].

Anderson published two seminal studies on in
vitro behaviour of the BRYAN prosthesis [48,
49]. The authors showed that wear debris by this
implant is produced at a rate of 1.2 mg/1 million
cycles with decrease of implant height of 0.02
mm/1 million cycles. The average size of debris
particle was 3.9 pm, larger than the particles
observed with hip and knee arthroplasty (1-1.8
pm). In a second study the same authors con-
firmed the linear relationship between the num-
ber of cycles and loss of prosthesis height.
Observed wearing of the BRYAN polymeric
nucleus was uniform and particulate diameter
was on average 3.89 pm. The authors also tested
the same device in an animal model of goats sac-
rificed at 3, 6, and 12 months after implantation
of the artificial disc. A trend of increased local
inflammatory reaction was noted with later sacri-
fices in the prosthesis group, however the amount
of inflammatory reaction and local debris was
higher in the control group treated with fusion
and anterior plating. As clinical experience of
cervical TDR expands over time, more studies
will be needed to fully assess the long-term risks
of wear debris released by the implants.

Biomechanics

The main aim of cervical TDR is maintenance of
segmental motion at the index level and avoid-
ance of adjacent segment degeneration. Several
studies have shown that segments adjacent to a
fusion develop increased compensatory move-
ment and higher intradiscal pressure [12, 50, 51].
These changes are thought to be the basis of
increased incidence of ASDeg/ASDis after
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fusion. Therefore, the most important aim of cer-
vical TDR is to restore the physiological segmen-
tal motion of the treated level. Each cervical
motion segment consists of three joints, the disc
in the front and the two zygapophyseal joints in
the back. Ligaments provide extra stability to the
motion segment and help prevent extreme
motions. The normal cervical spine exhibits
flexion-extension movement as well as some
anterior translation. The centre of motion is
mobile during flexion-extension in order to
accommodate for the anterior and posterior trans-
lation. Motion constraints also change with
flexion-extension. In flexion, load is applied to
the disc and posterior joints “unlock” reducing
their constraining effects. In extension, load is
applied on the posterior joints which also “lock”
and limit the amount of possible movement.
Therefore, from a mechanical point of view, it is
extremely important to achieve a correct balance
between posterior joints and intervertebral disc.

In vivo and in vitro studies have confirmed
these ideas on the motion of the cervical spine.
TDR has been shown to maintain index-level
sagittal motion, translation, coupled motion in
lateral bending with rotation, disc-space height,
and centre of rotation, as compared with preop-
erative or intact states [52, 53]. However, biome-
chanical studies have shown some important
differences in the design of the implants that can
significantly affect the in vivo biomechanical
behaviour of the prostheses. DiAngelo and col-
leagues compared motion of two different
implants on human cadaveric cervical spines.
The PRESTIGE disc was chosen as a typical
semiconstrained implant, whilst the ProDisc-C
implant was chosen as typical constrained
implant. Results of the study were in support of a
semiconstrained implant because of a better res-
toration of normal kinematics in all movements,
most importantly the anterior translation move-
ment of the normal cervical spine [50, 54].

Sasso and colleagues have also studied the
long-term outcome in terms of motion preserva-
tion in a cohort of prospectively enrolled patients
[55]. Longest follow-up available for the study
was at 24 months. Data showed that motion is
preserved at 24 months in the prosthesis group.
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Average flexion-extension was 7.95° and postero-
anterior translation 0.36 mm. Interestingly, the
authors reported no statistically significant differ-
ence with regard to adjacent segment motion in
the investigational group vs the fusion group. In
contrast with these findings, Chang and col-
leagues have shown a net and significant decrease
of adjacent segment motion in patients treated
with two cervical TDR (PRESTIGE and
Prodisc-C), whilst increased motion was observed
in the ACDF control group [56].

Cost Analysis

A great deal of discussion in the cervical arthro-
plasty field revolves around the increased costs of
this procedure and the short and long-term tech-
nological and economical impact of widespread
usage of this new technique. Average cost of a
single-level cervical total disc replacement
implant is about $4000 in the US, whilst the cost
for a cervical interbody cage and anterior plate is
$2500 [57]. The target market of disc arthroplasty
technologies is huge. In US only, a total of
450,000 cervical and lumbar fusion procedures
are performed every year and conservative esti-
mations are that 47.9 % of these patients would
be good candidates for a motion preservation
procedure. The estimated yearly revenue from
this segment of the market was $2.18 billion dol-
lars in 2010 [57].

Early cost-analysis studies have only focused
on the simple comparison of raw costs of ACDF
surgery vs cervical disc replacement surgery.
Increased costs were justified by a supposedly
decreased number of adjacent-segment opera-
tions and earlier return to work and active life.
Interest in motion preservation technologies has
increased in recent years, and more in depth anal-
yses of costs have been published. Qureshi and
co-workers conducted a cost-effectiveness analy-
sis comparing single-level disc arthroplasty vs
ACDF surgery. The authors assumed an average
failure rate (pseudoarthrosis or hardware failure)
of ACDF at 1 year of 5 %, and incidence of
ASDis of 3 %. Failure rate of disc arthroplasty at
1 year was assumed in the range of 0-2 %. Costs
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of the two procedures were estimated using the
2010 Medicare database. Supported by a recent
meta-analysis of 4 randomized trials on disc
arthroplasty vs ACDF the authors also assigned a
utility value to TDR of 0.9 (scale 0-1) as com-
pared to ACDF which was assigned a slightly
lower value, 0.8. According to the authors disc
replacement surgery generated a total lifetime
cost of $11,987, whilst ACDF lifetime cost was
$16,823. Cervical disc replacement resulted in a
generation of 3.94 QALY, whereas ACDF
resulted in 1.92 [58]. A similar analysis by
Warren and colleagues showed an average cost
for ACDF of $16,162 and TDR of $13,171.
QALY increase at 2 years was better for ACDF
than TDR using NDI results (0.37 vs 0.27), but
better for the disc replacement group when com-
paring SF-36 results (0.47 vs 0.32) [59].

Although real cost estimation is extremely dif-
ficult and varies greatly in different health care
systems and settings, the more recently published
studies are more positive about the clinical utility
of cervical arthroplasty. However, although fig-
ures seem to support the use of cervical arthro-
plasty in clinical practice, it must be kept in mind
that these studies are based on some fundamental
assumptions. Sensitivity analysis by Qureshi and
co-workers showed that TDR is a cost-effective
strategy once survival time of the prosthesis
approaches 11 years. A survival time of the pros-
thesis less than 9.75 years means that ACDF is a
better and more convenient strategy [58]. At the
present time, the longest term clinical data on
disc arthroplasty available in literature are at 6
years follow-up [31]. These observations call for
more long-term studies of clinical efficacy of cer-
vical disc arthroplasty.

Conclusions

Cervical disc arthroplasty has progressed over
the last three decades from a merely hypothe-
sis to a clinical reality. Although it is still far
from being a commonly accepted standard for
treatment of cervical disc herniation and
related conditions, the concept of artificial sub-
stitution of cervical discs has been adopted by
many spinal surgeons and centres throughout
the world. Early failures and complications
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have fostered more research in cervical spine
biomechanics and design of better implants.
Biomechanical studies have also confirmed
that disc replacement decreases the amount of
stress posed on adjacent motion segments and
on this observation is based the promise of this
technique of reducing the incidence of adja-
cent segment degeneration and disease. Finally,
wear analysis seems to confirm the safety of
the implants with regard to tissue reaction and
aseptic mobilization at least at medium-term
follow-up. Available short and medium-term
clinical studies show that cervical arthroplasty
offers similar, and in some cases, better results
than the commonly accepted “golden stan-
dard” of fusion. This has been confirmed by
short and medium-term studies reporting sur-
vivorship rates for cervical arthroplasty supe-
rior to ACDF surgery. Nevertheless only
long-term studies can fully validate this
hypothesis and prove clinical utility of cervical
TDR. As interest for non-fusion technologies
from spinal surgeons, industry, and patients
increases, cervical total disc replacement will
remain an active and fruitful area of research
of spinal surgery in the years to come.
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Introduction

Odontoid fractures are among the most common
fractures of the spine in general. They account for
approximately 20 % of all cervical fractures, with
Anderson and D’Alonzo type II fractures com-
prising around 2/3-3/4 of dens fractures [1-4].

Type II fractures are furthermore the most
common spinal fractures in the elderly and thus
in a population where decision making and treat-
ment, whether invasive or not, and in case of sur-
gery what type, represent certainly an exquisite
challenge for the spinal surgeon [3].

A Pubmed search with the simple search terms
“odontoid” AND “fractures” yields as many as
60 papers only for the year 2014 which reflects
the interest that continues to surround the topic.
The ideal management of these often complex
entities through the different age groups is yet all
but clear.

In this chapter we want to lay out the technical
steps necessary for a sound odontoid screw fixa-
tion procedure.
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Ever since the description of the surgical tech-
nique as early as 1980 by Nakanishi and in 1982
by Bohler, reporting his 8 years experience, some
refinements and interpretations have been made
on the topic, but essentially the fundamental steps
of the operation have remained the same [5, 6].

In addition to the technical description we also
attempt to delineate some basic facts that should
help guide the surgeon in the decision making
process such as fracture type, timing of surgery
and age of the patient.

Indications for Odontoid Screw
Fixation

In appropriately selected young patients the suc-
cess rates of direct odontoid osteosynthesis via
an anterior screw can be as high as 90 % in terms
of good functional outcome [7-10].

This can furthermore be accomplished with
relatively little risk and in this section we will high-
light some fundamental points that need to be eval-
uated and included in the decision making process
when it comes to choice of treatment (Table 17.1).

Fracture Type
Fracture type and the amount of displacement are

important factors in selecting a patient for
surgery.
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Type Il / shallow type Ill fracture

Y

Patient over 80

Patients wish/need for early
mobilization after risk discussion

Cervical collar, type l l
and duration based on
level of activity No Yes
[
Under Over
50
Under 5 mm Over 5 mm Surgery
displacement displacement suggested

'

'

Halo jacket Not accented

Accepted Odontoid screw

'

!

Non fusion

Fusion

Non fusion

—

>

Under 6 months Over 6 months

C1-C2 fixation

Table 17.1 Flow chart suggesting a decision making process based both upon author preference and available

evidence from the literature

Type II and “shallow” or rostral type III frac-
tures according to the classification of Anderson
and D’Alonzo are an indication for odontoid
screw fixation [4]. Apfelbaum et al. have sug-
gested a subclassification of type II fractures in
three types according to the orientation of the
fracture line in one of their series. According to
this subclassification horizontal as well as oblique
antero-superiorly oriented fracture lines on the
sagittal plane predict higher fusion rates than
oblique antero-inferiorly oriented fracture lines.

This subdivision has however not been reported
in series by other authors and given that the over-
all fusion rate in the oblique antero-inferior group
is still 75 % this information is probably not
indispensable, but can be of help in difficult deci-
sions [11].

In addition to the above criteria the axis needs
to be carefully examined for additional fractures or
fracture lines extending into the body, as this could
have negative repercussions on screw purchase.
The same goes for the fractured dens fragment.
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Type HA fractures (comminution of the dens)
might not warrant sufficient screw purchase,
which is particularly important at the cortical tip of
the dens that needs to be engaged by the screw
[8-12].

As far as the amount of displacement is con-
cerned the literature shows that values over
4-6 mm seem to represent a threshold beyond
which the risk of non-fusion gets significantly
and probably inacceptably high with conserva-
tive treatment [13-15].

Finally, an MRI scan of the area to check for
integrity of the transverse ligament is indicated
even though not indispensable, if not available, in
our opinion due to the relatively low association
of ligamentous rupture in association with an
odontoid fracture. However, due to the diffuse
availability of the imaging technique and its rou-
tine use in spinal trauma in many centres, particu-
lar attention to the state of the transverse ligament
should be paid. In case of a clear rupture this
would represent a contraindication to odontoid
screw fixation.

Timing of Surgery

The general rule “The earlier you fuse, the better”
surely also applies to this type of procedure.
Evidence from the literature seems to suggest that
there are no differences in fusion rates during the
first 6 months, whilst after 18 months fusion rates
drop clearly. This information is based on a series
published by Apfelbaum et al. and has initially led
to a division of the patients in “early” and “late”.
The fact that there is essentially no information on
patients who had a fracture between 6 and 18
months is due to the lack of such patients in that
study and to our knowledge no other study has
examined this thereafter [10-12, 16-18].

Knowing, however, that it apparently does not
make a difference whether a patient undergoes
fusion immediately or after 6 months is surely
valuable information, as it gives ample time to
first try conservative treatment in those patients
where deemed appropriate and still have the time
to offer surgery should that treatment fail.

209
Age

Even though again a matter of controversy in the
literature with a vast amount of related articles,
there is a certain prevalence towards the opinion
that age influences the outcome of odontoid
screw fixation [11-29]. The younger the patients,
the more likely it is that fusion may be obtained
by external immobilization. Sherk et al have
reported a series of 35 children (under 7 years), in
whom only one failed to fuse after halo immobi-
lization [27]. The more age advances, however,
the more the fusion rate seems to correlate
inversely and Lennarson et al. have even shown
in one of their studies that the nonunion rate in
patients over 50 years is 21 times higher than in
those that are younger [18].

Even if one tends to not believe in the inverse
relationship between age and fusion rate in con-
servative management, the important message
surely seems to be that older patients do at least as
well as younger patients with surgery and this can
be an important piece of information when tailor-
ing a specific treatment plan. In older patients the
compliance with external immobilization like a
Halo Jacket and the resulting overall movement
restriction, can have significant negative repercus-
sions on outcome and the patients general health.

We therefore tend to favour surgery in older
patients, that is patients over age 50, taking only
unfitness for general anesthaesia or severe osteo-
penia as contraindications.

A third age group we consider in selecting
treatment is the geriatric population with patients
over 75-80 years of age. In this age group pseu-
doarthrosis rate has been described to be as high
as 85 % [30].

Recent papers based on the AOSpine North
America Geriatric Odontoid Fracture Study
showed an increase in mortality of non surgically
treated patients at one year but non significant
difference between the surgical and conservative
groups after that. As the patients in this study
were not randomized, the difference in the first
year likely reflects the poorer general conditions
of those that were not operated and could be the
result of a selection bias. Other weak points of
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this study are that neurological status in the
patients groups was not accounted for.
Furthermore, a group of patients out of the same
study that was followed after conservative treat-
ment showed a “union rate”, whether fibrous or
bony, of as high as 75 %. The remaining 25 %
eventually developed “non union” following
which around 2/3 underwent surgery. It is how-
ever not clear how this non union reflected itself
clinically, in particular with regards to the neuro-
logical status. The only conclusion that is drawn
is that operated patients demonstrated a signifi-
cant benefit on the Neck Disability Index (NDI)
and the SF-36 version 2 Bodily Pain dimension.
Again, this difference could reflect the difference
in the general conditions of the two groups and
thus be a selection bias [30, 31].

In our eyes this study failed to show convinc-
ing elements to favour surgery in the geriatric
population and if anything showed an increased
incidence of dysphagia and permanent feeding
tube placements in the surgical group.

In addition there are papers that describe
series of patients, even though small, followed
after conservative treatment who did not develop
any complications, as well as our own experi-
ence which seems to reproduce these findings,
and this makes us withhold from surgery in the
geriatric population, that is over 75-80 of age,
unless the patient is in particularly good general
conditions and most of all still very active
[32, 33].

We tend to treat these patients with a cervical
collar choosing the type, either rigid or soft, and
the duration of treatment based on the level of
activity of the patient, as well as on the range of
movement of the fracture on dynamic x-rays.

Surgical Technique

The following is a description of the operative tech-
nique used in odontoid screw fixation outlining the
most significant general steps that need to be fol-
lowed. Various manufacturers offer different sys-
tems to carry out this operation and some specific
steps might thus differ according to the specific
system. It is not our intent to specifically describe
the use of any of these systems but outline the
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important points that are necessary for a smooth
and successful performance of the operation.

Patient Positioning and Setup

The patient is under general anesthaesia with endo-
scopic endotracheal intubation. This can be accom-
plished either via the nose or the mouth making
sure that a non armoured tube is used. The patient
is then positioned neutrally supine on the operating
table. The head can either be secured in a three pin
fixation device, rest on a horseshoe or directly on
the operating table with a towel roll under the neck.
What is essentially important is that the head
remains immobile throughout the procedure.

Once the patient is thus positioned, two C-arm
image intensifiers are brought in and centred on
the C1-C2 complex, with one obtaining a lateral
view and the other one obtaining an anteroposte-
rior view (Fig 17.1).

In case of dislocated fractures, the patients
head is now gently manipulated under lateral fluo-
roscopy in an attempt to reduce the fracture as
much as possible, and the head is finally secured
in the desired position. In repositioning the frac-
ture direct manipulation by pressure on the phar-
ynx through the mouth can be of help. The two
C-arms will remain in position during the entire
procedure, as frequent imaging is crucial during
the various steps. In order to obtain a good antero-
posterior view it is often helpful to obtain open
mouth views by inserting a radiolucent mouth
opener or bite-blocks in the patient’s mouth.

Once all these steps are accomplished, the
C-arms are both in a position to obtain good
views, the patients head in the correct position to
obtain as much fracture reduction as possible and
the head well secured, the patient and the equip-
ment are draped in the usual fashion.

Approach to the Lower Edge
of the Axis and the Screw
Insertion Site

The approach to the anterior cervical spine is iden-
tical to a standard approach to the subaxial spine
for an anterior cervical discectomy. A horizontal
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Fig. 17.1 Intraoperative
photograph showing patient
positioning for operation.
Note the biplanar flouroscopy
left in place throughout the
entire procedure

skin incision is made roughly at the level of C5,
extending from the midline to slightly beyond the
medial border of the sternocleidomastoid, usually
on the right side of the patient or according to sur-
geon preference (Fig. 17.2).

After division of the platysma, the fascia of
the sternocleidomastoid is sharply incised along
its medial border. Blunt dissection along natural
planes and medial to the carotid sheath leads
down to the anterior plane of the cervical spine.
At this stage both longus colli muscles are par-
tially lifted up from the vertebral plane and a self
retaining blade retractor firmly positioned under-
neath them. Up to this stage the approach is iden-
tical to an anterior discectomy.

Once the lateral retractors are inserted the ver-
tebral plane is followed rostrally until the inferior
border of C2 is palpated. At this stage the cranio-
caudal self retaining retractor blades are inserted.

Under fluoroscopic control a K-wire is now
inserted through the incision and advanced to the
anteroinferior border of C2 and impacted with a
mallet (Fig 17.2). On the anteroposterior plane
the K-wire should sit in the centre of the odontoid
process, whilst on the lateral view, it should
already be angulated in a way that its projection
will go through the major axis of the dens and
penetrate its posterior half. The central position

Fig. 17.2 Intraoperative photograph showing the local-
ization of the skin incision identical to a standard anterior
approach to the mid-cervical spine

on the anteroposterior view is due to the fact that
we prefer the insertion of a single screw, as it
seems to emerge both from our experience and
the literature that insertion of two screws offers
no advantage.
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Once the K-wire is in place it can be used to
slide a cannulated drill guide over it and anchor it
on the cervical spine. With some systems the
K-wire is actually fully advanced through the
whole length of C2 with a drill, thus creating
the trajectory for the screw. Other systems replace
the K-wire once the drill guide is in place and use
a drill bit of 2 mm to actually drill the screw
trajectory (Fig 17.3). Continuous fluoroscopic
control is mandatory.

What is important at this stage, non dependent
on whether a K-wire or a drill bit is used to create
the screw hole and canal, is to measure the depth
of penetration into C2 and the dens, as this will
determine the screw length that needs to be
inserted. The various systems have various
devices and means of accomplishing that.

Once the screw hole is thus created and the
depth of penetration measured, insertion of the
actual screw can follow.

Screw Insertion

Screw diameter should be 4.5 mm single or dou-
ble 3.5 mm as this was shown to have biome-
chanical advantages over 3.5 mm single [34].

As far as screw design is concerned, there are
essentially two types of screws: lag screws and
fully threaded screws (Fig 17.4). In our view, lag
screws are indicated in the majority of cases as due
to their conformity they deliver the possibility to
reduce and compress a fracture fragment, as once
the screw head is engaged against the inferior bor-
der of C2 the threaded part will continue to deliver
the fragment downwards upon turning with the
whole of the screw, however, not changing posi-
tion anymore. The only scenario where lag screws
may be contraindicated is an anteroinferior oblique
fracture line of the dens, as the compression can
lead to malalignment of the fracture (Fig. 17.5).

When using lag screws the exact measurement
of the needed screw length prior to insertion
becomes particularly important.

At the stage of screw insertion there is only
one more important point to be observed and that
is to make sure that the screw engages and tra-
verses the cortex of the fractured dens fragment.
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Fig. 17.3 Intraoperative lateral image intensifier x-ray
showing the K-wire impacted in the axis on its anteroinfe-
rior level already projecting in the desired direction. Note
also the blade of the self-retaining retractor (Apfelbaum
System, Aesculap)

Fig. 17.4 Intraoperative lateral image intensifier x-ray.
After insertion of the drill guide over the K-wire, the latter
is withdrawn and the screw canal drilled with a 2 mm drill
bit. Note the anchoring spike of the drill guide in the body
of C3 (Apfelbaum System, Aesculap)

A protrusion of the screw a couple of millimeters
beyond the dens cortex is safe and mandatory for
good purchase and to avoid later screw pullout.
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Fig.17.5 Intraoperative lateral image intensifier x-ray of
the same situation as in Fig. 17.4, only in the anteroposte-
rior view. The drill bit is in a central position, has tra-
versed the fracture line and almost reached the tip of the
dens. Note the radiolucent retractor blade, which is the
same as in the previous figures

Again, this obviously needs to be closely
monitored on fluoroscopy.

Postoperative Care

The issue of whether or not to suggest a postop-
erative cervical collar is not resolved. In a frac-
ture fixed with a lag screw of the correct length,
that has appropriately traversed the dens cortex
and offers good purchase in a good quality bone,
a collar is most likely superfluous, whereas poor
quality bone and less good purchase in a non
compliant patient would probably warrant immo-
bilization in a rigid cervical collar for 6-8 weeks.
Again, the final decision is probably most appro-
priately based upon the inclusion of specific
patient features and needs.

Conclusion

Odontoid screw fixation can be a very efficient
and rewarding procedure for both the patient and
the surgeon. Correct patient selection is an impor-
tant step in this procedure and appropriate

corroboration of the guideline recommendations
with the particular features and needs of the sin-
gle patient can lead to a 90 % success rate with a
minimal need for patient immobilization.

The surgical technique is straightforward and as
long as all the single steps are correctly performed
and good fluoroscopic visualization is guaranteed
throughout the entire procedure, the risk of any sur-
gery related complication is almost nil.

As a matter of fact in our experience as well as
in the literature, apart from the possibility of
retraction related problems associated with the
standard anterior approach to the cervical spine,
no morbidity or mortality directly related to the
procedure of odontoid screw fixation have been
reported [2-15, 14-19, 21-26].
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Epidemiology

Traumatic spinal fractures have a reported inci-
dence rate of 19—-88 per 100,000 persons per year
and cervical spine fractures represent up to
20-30 % of all spine fractures [1]. Within cervi-
cal fractures only 10-20 % result in spinal cord
injuries [1].

Demographic risk factors associated with cer-
vical spine injuries are age more than 65 years,
male sex and white ethnicity [2].

Among patients who underwent blunt cervical
spine injury approximately two thirds of frac-
tures and three fourth of dislocation concern the
subaxial spine (from C3 to C7) [3].

The most frequent level of lesions are C5 and
C6 [4]. Nonetheless fracture of C7 are reported in
19.08 % of cases [5]. This must reinforce the
need of a clear radiology assessment of the
cervico-thoracic junction [6].

The reasons of the relatively height incidence
of cervical lesions are biomechanics and peculiar
anatomy of the cervical spine [7]. The relation
between the spinal canal and the spinal cord
diameter are quite unfavourable and the leverages
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are strong because of the weight of the head [7].
The lower cervical lesions have a different and
more complex distribution than other spinal seg-
ments with involvement of facet joints and disco-
ligamentary structures.

Anatomy

The characteristic anatomy of the cervical spine,
necessary to its specific mobility, exposes itself
to a higher risk of traumatic injuries compared to
thoracolumbar spine.

Cervical vertebral bodies are smaller and the
canal relatively wider than in the lower segments
of the column. The canal of the lower cervical
spine is clearly narrower than in the upper cervi-
cal spine [7].

Vertebral bodies are cuboidal with triangular
shaped foramen.

The articular surfaces of the zigoapophysialis
joints present a 45° craniocaudal inclination and
are oriented on the frontal plane in contrast to the
toracolumbar spine.

The transverse processes are formed from an
anterior and a posterior Tuberculum enclosing
the transverse Foramen. From the 3rd vertebra
the transverse processes present a concave
depression for spinal nerves [8].

The vertebral artery runs through the trans-
verse processes between C3 and C6 while in C7
is occupied from an accessory vein [7].
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The spinous processes from C3 to C6 are
bifid. C2 and C7 spinous processes are prominent
and easily palpated under the skin as landmarks.

Except C7, all the other spinous processes are
directed caudally and posteriorly serving as
attachment for muscles [9].

Most of the rotation range of motion of the
head is related to the atlantooccipital joint while
the middle-lower cervical spine is mainly respon-
sible for flexion-extension.

The mean flexo-extension mobility of each
segment is 12° (ranging 8—17°) with a maximum
between C5-C6. The lateral inclination is in the
lower cervical spine between 4° and 11° for each
segment with a maximum in C4/CS5. The rotation
takes place for 50 % in the atlantoaxial junction
while around 8-12° of rotation are possible in
each segment of the lower cervical spine [7].

The ligamentous structures are decisive in
biomechanical stability of the cervical spine.
They can be divided in anterior and posterior
ligamentary complex.

Posterior ligamentary complex is composed
by: Ligamentum nuchae formed from a funicular
part (ligamentum suprasinosus dorsal) and a
lamellar portion (between the funicular and the
processi spinosi); the posterior longitudinal liga-
ment is a thick ligament more resistant than the
anterior one which get broader and thicker from
cranial to caudal; the intertrasversal ligaments
are thin and fibrous bands from one processus
trasversus to the other; the ligamentum flavum
runs between the adjacent laminae; the capsular
ligaments wrap the joints in a perpendicular rela-
tion to the articular plane.

The annulus fibrosus is well fixed with the
anterior and posterior longitudinal ligament as
also to the cartilaginous plate.

The anterior complex consists of the longitu-
dinal anterior ligament which is well fixed to the
annulus and at the anterior edge of the vertebral
body [7].

The anterior ligamentary complex is com-
posed by the anterior longitudinal ligament which
connect the anterior border of the vertebral bod-
ies of the whole spine.

The capsule of the zygapophysialis joints ori-
gins from the edges of the articular processes
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and are related to the ligamentum flavum. In
cervical segments capsules are looser than in
other segments and leave a major range of
motion. In almost all the joints we can found the
meniscoid synovial folds which present many
vessels and connective tissue adapting articular
incongruences.

Each upper plate of the cervical vertebral body
(C3-C7) presents a sagittal oriented process
called uncinated processes. They come in contact
with the semilunate lower plate of the upper ver-
tebral body in an uncovertabral joint favouring
the lateral stability of the cervical spine [7].

Compartmentalisation and neurovascular con-
tents surrounding the cervical spine are unique
but their description is not purpose of this chap-
ter. We outline the most important surgical anat-
omy of the neck territories.

The skin on the dorsal portion of the neck is
thick with direct connection to the fascia. It
explains why scars are usually quite thick in this
region.

The skin on the anterior part of the neck is thin
because of loose subcutaneous tissue and the
superficial fascia remains unconnected to the
deep cervical fascia of the neck.

Posteriorly there are three layers of muscles.
The most superficial consists of the trapezius,
which takes origin from the superior nuchal line
and from the spinous processes and attaches on
the spina scapulae. Its function is to lift the upper-
limb. Laterally in the superficial layer lies the
sternocleidomasteoid muscle. The intermediate
layer is composed by the splenius capitis, a flat
and relatively large muscle (its insertions are the
spinous process of C7, lower half of the ligamen-
tum nuchae, the upper 3 thoracic spinous pro-
cesses and the occipital bone). The deep layer
presents three sub-layers: superficial, middle and
deep. The superficial consists of the semispinalis
capitis. The middle portion consists of the semi-
spinalis cervicis. The deepest portion is filled
from multifidus, short and long rotator muscles.

Also in the anterior part of the neck we can
recognize three muscular layers separated by
connective structures (Fig. 18.1). The most super-
ficial is the investing layer of deep cervical fascia.
The fascia is like a collar around the neck and
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Fig.18.1 Drawing of cross-section at C5 level. Deep cervical fascia is marked in green, pretrachreal fascia with carotid
sheath in orange (neurovascular bundle is contained in it) and prevertebral fascia in violet

encloses the trapezium and the sternocleidomas-
toid muscles. The only structure over it is the pla-
tysma, which is a mimic muscle. The second
layer is represented from the pretracheal fascia,
which is a layer between two sliding surfaces.
The strap muscles are invested from it and run
from hyoid bone into the chest. The pretracheal
fascia encloses the common carotid artery, the
internal jugular vein and the vagus nerve (neuro-
vascular bundle). Two important arteries run
through the fascia towards the midline, the supe-
rior and the inferior thyroid vessels. The superior
laryngeal nerve runs with the superior thyroid
vessels. The deepest layer is the prevertebral
fascia, a thick membrane that lies in front of
the prevertebral muscles (Fig. 18.2). It presents

important relations with the sympathetic trunk.
Under the fascia lie the longus colli, which has an
important surgical meaning as reference and pro-
tection for nerve [9].

The superior laryngeal nerve divides itself
near the Ganglion inferius of the vagus nerve, at
the level of the hyoid bone, in an internal and
external branch. The external branch innervates
the thyreopharyngeal and cricopharyngeal part of
the inferior pharyngeal constrictor muscles and
the cricothyroideal muscle. Some of its fibers
breaks through the Membrana cricothyroidea and
innervate the mucosa of the anterior commissure
of the larynx. The internal branch runs with the
superior laryngeal artery through the Membrana
thyroidea and runs under the mucosa of the
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Fig.18.2 Drawing of the antero-lateral cervical anatomy.
Inferior constrictor and esophagus are retracted medially.
The cranial carotid sheath and surrounding pretracheal
fascia are removed. The prevertebral fascia overrides the

Recessus piriformis (Plica nervi laryngei). It
innervates the mucosa of the inlet of the larynx,
the atrium of the larynx and the posterior part of
the Plica vocalis. In the Recessus piriformis the
internal branch of the superior laryngeal nerve
forms an anastomose with the inferior laryngeal
nerve (Galen-Anastomose).

Inferior laryngeal nerves are end-branches of
the N. laryngei recurrenti. They are asymmetric,
with the left one which descends the carotid
sheath into the thorax.

The inferior laryngeal nerve is located in a
trough between Trachea and Esophagus crani-
ally and reaches the larynx between the inferior
horn of the thyroid cartilage and the posterior
cricoarythenoid muscle. Here the nerve gives a
posterior and an anterior branch. The posterior

scalenus muscles and the longus colli. The nervus vagus is
sectioned. The dashed and dotted line shows the vagus
nerve which runs in the thoracic cavity and gives the
recurrent laryngeal nerve

branch innervates the posterior cricothyroideal
muscles as the transversal and the oblique aryte-
noideal muscles. The anterior branch innervates
the thyreoarytenoideal and lateral cricoarytenoi-
deal muscles. The inferior laryngeal nerve is
responsible of sensitivity of the infraglotteal
cavity of the upper trachea, esophagus and
hypopharynx.

It curves around the aortic arch and return up
between esophagus and trachea. The right one
turns around the subclavian artery.

Lesions of the nervus laryngeus superior leads
to a paralysis of the cricothyroid muscles and
hypoestesy of major part of the internal laryngeal
space. The tension of the vocal folds is decreased
and the protection reflex (cough reflex, and close
of the glottis) are impaired.
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Lesions of the inferior laryngeal nerve
(n. laryngeus recurrens) are called recurrent paral-
ysis. Symptoms of the paralysis of the muscles
innervated from the nerve are individually differ-
ent. In general the main symptom is “whispering”.
In case of monolateral lesion, is the vocal fold in a
paramedian position. In case of bilateral lesion the
patient will become dyspnoic [10].

Classification

Main purposes of a classification system of trau-
matic cervical spine lesions are giving a scale
related to the gravity of the injury which is easy
to communicate, offering treatment options and
providing outcome. Unfortunately any classifica-
tion meets all the expectation and doesn’t exist
till now a widely accepted system [11].

In our opinion three main criteria have to be
considered:

* Biomechanics of the accident (compression,
distraction, translation/rotation)

* Neurological status (radicular,
mieloradicular)

» Stability of the lesion (White and Panjabi, col-
umns theory, MRI)

medullary,

Biomechanics

Compression Lesions
They represent the most common injuries. The
mechanism is flexion and axial loading or a combi-
nation of both. Pure compression fractures involve
only the anterior column. The involved part can be
the vertebral body or the endplate. Occasionally
fractures of the posterior elements are possible
such as displaced or undisplaced facet fractures
and/or lateral mass fracture. These lesions can be
associated to osteopenia and osteoporosis, patho-
logic fracture and loss of normal cervical lordosis.
Particular morphologies of such fractures are
represented from:

* Burst fractures: the predominant component is
the axial compression and only in a less mea-
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sure flexion. In this fracture the anterior and
middle columns are involved and fragments
are often present in the canal. Concomitant
spinal cord injuries are quite frequent [4, 12].
e Teardrop fractures: the anterior inferior verte-
bral body is interrupted with the presence of a
free fragment. The predominant mechanism is
hyperflexion. The concomitant presence and
the degree of an axial loading can contribute
to transform this lesion in a burst fracture.
Neurological lesions are possible [4, 12].

Distraction Lesions

The main aspect of these lesions is the disruption
of the anatomical vertical axis. During an exten-
sion the anterior longitudinal ligament, the verte-
bral bodies and the intervertebral discs counteract
the forces while during the flexion the solely
bony and capsuloligamentous constraints of the
facet articulation counteract the forces. The fact
that these strong constraints are knocked informs
us of the great degree of injury as well the higher
instability represented from these injuries than a
mere compression injury [12]. Common dynamic
of the injury are falls or vehicular injuries [4].
Ligamentous disruption is quite common in this
kind of injury. They can affect the facet joints
(subluxation or luxation) and the disc space (wid-
ening; “fish mouth” anterior deformity). If con-
comitant axial load is present, posterior elements
can be broken or spinal cord injury can occur
[12]. The standard radiology after the accident
can show only paravertebral soft tissue abnor-
malities because at the injury force arrest the col-
umn can be spontaneously returned to an
“anatomical” rest situation [4]. MRI can be deci-
sive to evaluate the injury pattern of distraction
[12]. Among the posterior elements, the facet
complex seems to be the most important for the
stability [13]. At the MRI, signal of abnormality
of the spinal cord after distraction lesion are quite
common [4].

Translation/Rotation Lesions

The main characteristic is the horizontal displace-
ment of a vertebral body on plain AP X-Rays. The
usual degree of translation and rotation defined as
pathologic are respectively 3.5 mm and >11° [14].
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These pattern of injury are characterized from:
bilateral pedicle fractures, bilateral facet frac-
tures/dislocations, fracture separation of the lat-
eral mass (“floating fractures’) [15]. Anterior and
posterior complex can be both injured. An MRI
study is usually indicated [12].

Two specific cases deserve a more accurate
description because are combinations of the pre-
vious three mechanism of injury:

Unilateral facet dislocation

The dynamic is a combined flexion and rotation.
The facet on the opposite side of the rotation is
displaced anteriorly with locking in front of
the facet below. Two adjacent segments show
a different projection, with one that is pro-
jected laterally and the other on an oblique
plane. On the anteroposterior view a brisk
misalignment of the spinous processes can be
observed. CT or MRI can give more informa-
tions (Fig. 18.3). Spinal cord injuries can be
associated. In these injuries a radicular symp-
toms can present in the clinical pattern [4].

Bilateral facet dislocation

The dynamic is an abrupt hyperflexion and ante-
rior translation with posterior longitudinal
ligament insufficiency, which permit a for-
ward dislocation of the facets. In this case a
spinal cord injury is more frequent than in the
unilateral. Usually the dislocation of the verte-
bral body is higher than 25 %. They are always
highly instable lesions and traction weight
must be monitored with radiographically for
the risk of over distraction [4].

Fig. 18.3 Radiologic assessment of an unilateral facet
joint fracture/luxation with anterior and rotatory shift on
the preoperative CT (a, b) and MRI (c). On the right
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Neurological Status

Radicular, medullary or mielo-radicular syn-
dromes can be objectivated.

There are different types of incomplete injury
syndromes.

Anterior cord syndrome: usually due to trau-
matic anterior flexion of the cervical spine with
direct injury of the spinal cord or indirectly
with impairment of the blood supply from the
anterior spinal artery. There is motor function
impairment and a temperature and pain sensa-
tion deficit below the lesion, while propriocep-
tion and touch as well vibration sensation are
intact.

Posterior cord syndrome: is a very rare condi-
tion and is caused from the direct trauma or loss
of blood supply from the posterior spinal artery
in a hyperextension of the spine. It results in loss
of proprioception and epicritic sensation below
the injured level.

Hemicord syndrome (Brown—-Séquard syn-
drome): is a hemisection of the spinal cord.
Precise hemisection are rare and the most of
these kind of lesions are caused by penetrating
wound (knife or gunshots). The ipsliateral side of
the injury presents a loss of motor function, light
touch, vibration and proprioception. The contro-
lateral side has a loss of pain, temperature and
gross touch below the lesion level. Usually the
controlateral deficit starts few dermatomes below
the section (spinotalamic tract doesn’t cross
immediately but ascend between two and four
levels before to decussate).

(d) the postoperative lateral X-Ray control after anterior
microdiscectomy, open reduction using axial traction and
plating



18 Injuries of the Middle and Lower Cervical Spine

Fig. 18.4 Sagittal T2 MRI image of a cervical injury
associated to spinal cord lesion with preexistent spinal
canal stenosis

Central cord syndrome: represents a form of
spinal cord injury with impairment of the arms

and hands function and only to a lesser extent
in the legs. Some clinicians refer to that like a
reversed plegia. Cervical and thoracic seg-
ments can be affected. The condition is caused
mainly by hemorrhage, ischemia or necrosis.
Trauma can cause prolonged ischemia of the
spinal cord tissue. The corticospinal fibers
committed to the leg are spared because of the
external anatomical location. The condition
can also emerge in a second time after spinal
shock because of prolonged swelling around
the vertebrae. The syndrome may be perma-
nent or transient (Fig. 18.4).

Neurological Impairment Scales

The first popular clinical scale to segregate the
posttraumatic neurological status was introduced
internationally by Frankel in the seventies.

It was organized in five categories were i.e. no
function (A), sensory only (B), some sensory and
motor preservation (C), useful motor function
(D), and normal (E) [16].

Acute spinal cord injury — Frankel Classification
grading system
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Grade A | Complete neurological injury — no motor
or sensory function clinically detected
below the level of the injury.

Preserved sensation only — no motor
function clinically detected below the
level of the injury; sensory function
remains below the level of the injury but
may include only partial function (sacral
sparing qualifies as preserved sensation).
Preserved motor non-functional — some
motor function observed below the level
of the injury, but is of no practical use to
the patient.

Preserved motor function — useful motor
function below the level of the injury;
patient can move lower limbs and walk
with or without aid, but does not have a
normal gait or strength in all motor
groups.

Normal motor — no clinically detected
abnormality in motor or sensory function
with normal sphincter function; abnormal
reflexes and subjective sensory
abnormalities may be present.

Grade B

Grade C

Grade D

Grade E

The successor of the Frankel scale was the
American Spinal Injury Association impairment
scale introduced the first time in the 1982 [17].
The ASIA impairment scale categorizes motor
and sensory impairment in individuals with SCI.

ASIA impairment scale

A=Complete | No sensory or motor function is

preserved in the sacral segments S4-5
B=_Sensory
Incomplete.

Sensory but not motor function is
preserved below the neurological
level and includes the sacral segments
S4-5 (light touch or pin prick at S4-5
or deep anal pressure) AND no motor
function is preserved more than three
levels below the motor level on either
side of the body.

Motor function is preserved below the
neurological level®, and more than
half of key muscle functions below
the neurological level of injury (NLI)
have a muscle grade less than 3
(Grades 0-2).

Motor function is preserved below the
neurological level®, and at least half
(half or more) of key muscle
functions below the NLI have a
muscle grade>3.

C=Motor
Incomplete

D=Motor
Incomplete.
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E=Normal If sensation and motor function as

tested with the ISNCSCI are graded
as normal in all segments, and the
patient had prior deficits, then the
AIS grade is E. Someone without an
initial SCI does not receive an AIS
grade.

For an individual to receive a grade of C or D, i.e. motor
incomplete status, they must have either (1) voluntary
anal sphincter contraction or (2) sacral sensory sparing
with sparing of motor function more than three levels
below the motor level for that side of the body. The
International Standards at this time allows even non-key
muscle function more than 3 levels below the motor
level to be used in determining motor incomplete status
(AIS B versus C).

NOTE: When assessing the extent of motor sparing below
the level for distinguishing between AIS B and C, the
motor level on each side is used; whereas to differentiate
between AIS C and D (based on proportion of key muscle
functions with strength grade 3 or greater) the neurologi-
cal level of injury is used.

Stability

Columns Theory

Holdsworth introduced the new concept of two
columns [18]. The anterior column is composed
of the anterior longitudinal ligament, vertebral
body, intervertebral disk and posterior longitudi-
nal ligament. The posterior column is made up of
all the ligamentous and bony structures behind
the posterior longitudinal ligament. This concept
has been decisively to understand injury pattern
mainly in flexion and extension mechanism. The
improvement offered from the Denis’ concept of
three columns represented a breakthrough to
define the condition of vertebral column stability
[19]. The concept was initially applied to the tho-
racolumbar column but can be helpfully extended
to the cervical spine for the understanding of its
biomechanics.

To the middle column take part the posterior
third of the vertebral body, the annulus fibrosus
and the posterior longitudinal ligament. The pos-
terior column consists of posterior neural arch,
spinous process, articular processes and their
capsules.
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Radiographic Instability Criteria

Normal kinematics is facilitated from two funda-
mental structures: discoligamentous complex and
the articulating facet joints.

Most of the criteria of spinal instability were
studied and introduced from White and Panjabi and
itis not purpose of this book chapter to analyse them.

Beside the kinking image in lateral acquisition
the presence of a sagittal displacement of two
vertebral bodies gets a clear meaning of instabil-
ity. The dislocation occurs in flexion and disap-
pears in reclination. A step of more than 3.5 mm
is referred from White and Panjabi as a severe
instability where the neurological structures are
put at risk [20, 14]. Daffner proposed as rule of
thumb 2 mm to define a normal finding [21].

According to White and Panjabi a segmental
kyphosis of more than 11° is defined as patho-
logic [20, 14]. The pathological substrate of a
segmental kyphosis is fragmentation of vertebral
body or discoligamentary disruption.

Concerning subluxation of the facetary joint,
White and Panjabi give 50 % of overlapping as
limit between stable and unstable lesion.

Increased intervertebral disc space, increased
shadow of the connective prevertabtral tissue
(normal values: 10 mm C1; 4 mm C3-C4; 15 mm
C6) and interspinous widening are others signs of
radiologic instability [7].

Diagnosis

Physical exam of the patient has a central role for
the evaluation of the patient before the radio-
gram. The sensitivity of the spontaneous pain and
palpatory pain was reported to be respectively of
86 and 79 % [22]. Clinical exams and neurologi-
cal exams with indicative signs for cervical col-
umn lesion was found have a sensitivity of 93 %.
A standardized process to reach the correct
diagnosis is not defined. We recommend:

— Direct or third person history outline

— Thoroughly patients examination.

— Acquiring of three standard radiographs:
anteroposterior, lateral and transoral.
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— Swimming acquisition if the cervicothoracal
passage is not well visualized.

— Oblique acquisition to clarify different ques-
tions about articular processes or small verte-
bral joints as the foramina intervertabralia

— Computer tomography is necessary if a bone
injury is already visualized or just suspected

— The magnetic resonance in every case of neu-
rological lesion, or incongruence between the
clinical findings and radiological finding.

Conventional radiography is the basis for the
diagnostic of lesion of vertebral column.

Daffner proposed a systematic evaluation of
plain radiogram with the ABCD rule. “A” for
alignment and anatomy abnormalities; “B” for
bony integrity abnormalities; “C” for cartilage
(joint) space abnormalities and “S” for soft tissue
abnormalities [23].

Most of these signs are combined or associ-
ated and are not to be found as isolated finding.

Is not always possible to do immediately the
dens view because the patient has to be compliant.

The proper AP view is made with rays inclined
20° cranially and with centered cricoid.

The proper lateral view shows always the 7th
cervical vertebral body, the intervertebral disc
between C7 and T1 and the endplate of T1 [24,
25]. If necessary is necessary to pull on the
patient’s arms to avoid overlap of the images.

The anteroposterior and lateral views play a
main role in the diagnoses, which help us to
understand the stability and not to prove instabil-
ity. The instability is clarified individually for
each patient with all necessary and available
diagnostical studies (see chapter “Radiologic
assessment’).

Patients presenting consciousness impair-
ment, intoxications, neck pain or midline tender-
ness or severe associated injuries should undergo
a complete radiologic assessment of the cervical
spine.

The role of functional radiological studies is
debated and with the wide spreading of CT and
MR techniques the importance of such study is
very limited.

In case of symptomatic patient with suspect
radiography the indication for a CT to clarify the
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possible skeletal lesion should be posed. In pres-
ence of radiographic instability criteria or neuro-
logical deficit an MR investigation is justified.

CT is the tomographic methods of choice in
acute spinal injury [26] and should precede sup-
plemental studies (MRI, functional radiograms
and digital subtraction angiography).

The sensitivity of the CT study is consider-
ably higher than radiographs (e.g., 98 % versus
52 %) [27].

MRI is always more popular for the study also
in acute setting thanks to the reduction in the time
of scanning and processing and the availability of
devices for traction compatible with magnetic field.

The MRI study can discover ligamentous dis-
ruptions not visualized with other imaging
techniques.

In some cases also vascular dysfunction can
be visualized with MRI, albeit DSA and angio-
CT remain investigations of choice to clarify
these situations. Indications and timing of the
MRI study remain anyway a topic of debate [28].
Commonly, MRI is administered sub acutely as
help to surgical planning.

With the MRI we can achieve adjunctive infor-
mation which are not recognized with other imag-
ing systems. For example many hyperintense
signals which are defined as “indeterminant” can
be signs for instable injuries. When MR sequences
detect changes of signal in the facet capsules,
interspinous ligament and disc space a pathologic
process is objectivized but the clinical meaning
remains not unknown [12]. Also injuries of the
neck muscles or perivertebral hematoma are
detected with high sensibility with the MRT.

Of all the severe injuries of the vertebral col-
umn 80-90 % has no neurological deficit.
Anyway exists an absolute indication for use of
MRI in acute neurological imparment [29].

Treatment

The optimal management of cervical spine inju-
ries is still a matter of debate and the choice of
treatment has to consider multiple variables such
as clinical patient conditions, stability of the
lesion and presence of deformity [30].
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Conservative Treatment

A conservative management is the treatment of
choice in case of stable, non-displaced cervical
injuries without neurological deficit. The
Philadelphia collar is the most used rigid system
of external stabilization for the intermediate and
lower cervical spine (Fig. 18.5). It allows a good
stiffness in flexo-extension maneuvers even if it
limits only partially the axial rotation. In case of
association of a lesion on the craniocervical junc-
tion between CO and C2 a more rigid rotation sta-
bilization device such as a halovest has to be
considered while in case of lesion on the cervico-
thoracic junction the stability may be assured by
a rigid collar with thoracic prolongation. The
duration of the cervical external immobilization
can vary according to the severity of the lesion
but in general doesn’t last before 8 weeks of
treatment.

Surgical Treatment

The main goals of the surgical treatment of trau-
matic cervical injuries are to decompress the neu-
rological structures, to restore the vertebral
alignment and to guarantee the stability of the

Fig. 18.5 Image of a rigid cervical
Philadelphia

collar type
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injured spine. In case of lesions provoking an
anterior or posterior displacement of vertebral
structures with consequent neurological impair-
ment, the surgical treatment is for sure to be pre-
ferred. In case of incomplete spinal cord lesion,
the surgical stabilization should take place in the
first 8 h while in case of complete spinal cord
lesion the surgical treatment window is 72 h [30].
When distinguishing between complete or
incomplete lesion is not possible, an early stabili-
zation is to be preferred to avoid secondary dislo-
cations. It is worldwide accepted that a prompt
operative treatment provide less complication
and reduce the time of intensive care [31].

In case of acute spinal cord injury
Methylprednisolone sodium succinate has been
shown to improve neurologic outcome up to 1
year post-injury if administered within 8 h of
injury and in dose regimen of: 30 mg/kg over
15 min, with maintenance infusion of 5,4 mg/kg
per hour infused for 23 h [32].

Nevertheless quite often the initial radiologic
assessment shows minimal dislocation without
neurological symptoms. In these situations the
severity of the injury can be assessed with com-
plementary diagnostic exams such as MRI which
can provide further informations concerning the
integrity of the discoligamentary structures. The
superiority of surgical over the conservative
treatment in these situations is still not proved
[33, 34]. Anyway the operative treatment allows
a reduction of hospitalization and rehabilitation
time [35-37]. Moreover the diffusion and stan-
dardization of surgical procedure have contrib-
uted to the tendency to privilege the surgical
option.

The treatment decision has to be tailored on
the patient case by case.

Cervical Axial Traction

In case of vertebral disallignment the restoration
of the physiologic cervical lordosis is an indepen-
dent parameter of good clinical result in term of
axial pain. It is well known that the reduction of
post-traumatic cervical misalignment can be very
challenging and the utilization of cervical axial
traction is still very useful either in non-operative
close reduction of facet luxation and fractures or
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in preoperative and intraoperative open reduction
maneuvers. The weight that has to be applied for
axial traction through a head holder (such as
Garden-Wells) depends on the level of the lesion
and on the entity of the displacement [7].

Surgical Approaches

Two main surgical approach can be used to treat
a lesion of the intermediate and lower cervical
spine: the anterior approach has the advantage to
allow good restoration of the cervical lordosis
and it is in general preferred when a high com-
minution of the vertebral body imply a vertebrec-
tomy, the posterior approach allows instead a
good surgical decompression but can exitate in a
kyphotic cervical disbalance. Familiarity of the
surgeon with the technique and available equip-
ment plays a role in the choice. On the patient’s
side the anterior approach presents the risk of
temporary dysphagia or hoarse voice, neck scar,
and injury to visceral structures (esophagus) on
the contrary the posterior approaches expose to
local wound infection and paraspinal muscle
damage. Indeed the anterior approach can be pre-
ferred to avoid the prone position in traumatized
patient; disc herniations can be directly removed
and restore of segmental lordosis is possible
[38—41]. The criticism of the anterior approach
for cervical subaxial trauma is its biomechanical
inferiority when compared with posterior fixation
[42, 43].

Generally burst and compression fracture with
dorsal herniation or dorsal fragments dislocation
of vertebral body are treated by an anterior fixa-
tion [44] while unstable translation and rotation
lesions are usually treated from posterior or from
combined anterior and posterior approaches [45].
In chronic dislocations posterior approach is gen-
erally preferred.

Anterior Approach
to the Cervical Spine

In 1950 three independent authorships developed
this access: Bailey and Badgley [46], Robinson
and Smith [47] and Cloward [48] which allowed
a good exposition of discs, vertebral bodies and
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uncovertebral joints from C3 to Th1, representing
an elegant solution to treat cervical pathologies.

The split of the stilohyoid muscle and of the
posterior belly of the digastric muscle allows to
reach C2. Distally the Th2 and Th3 vertebral
bodies can be reached with sternotomic prolon-
gation approach.

(1) Position of the patient
— Supine on radiolucent operating table
with neutral position of the head.
— Extension of the neck is improved with a
small sandbag between the shoulder
— If motor evoked potential (MEP) and
somatosensory evoked potential (SSEP)
monitoring is available the head can be
extended and distraction applied (after
halter traction or taping of the chin) and
turned away of the operative side to
enlarge the operative field. Inhaling nar-
cotics should be adapted to the neuro-
monitoring devices.
(ii) Reference points
Several reference points are available in
the anterior approach, making easier to
determine the incision level:
— Lower border of the mandible: C2-3
— Hyoid bone: C3
— Thyroid cartilage: C4-5
— Cricoid cartilage: C6
— Carotid tubercle (large tubercle adjacent to
the carotid pulse on the anterior part of the
transverse process of C6): C6

Sternocleidomastoid muscle origins
from the mastoid process and attach to the
sternum and clavicle. Turning the head
controlaterally makes its relief more
prominent.

Carotid artery pulse can be touched on
the medial edge of the sternocleidomastoid
muscle with gently pressure posterior and
laterally.

(>iii) Incision
Once chose the level a transverse skin
crease incision is performed. The incision is
usually oblique mediolaterally to the poste-
rior border of the sternocleidomastoid
muscle.
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The platysma can be incised without
innervation problems (supplied by facial
nerve, VII cranial nerve).

In the deeper layer there is a internervous
plane between the medial strap muscles of
the neck (segmental innervation from ClI,
C2 and C3) and the sternocleidomastoid
muscle (spinal accessory nerve, XI cranial
nerve).

Superficial surgical dissection

— Anterior neck superficial structures are
well vascularized and bleeding can create
problem by dissection. Adrenalin injec-
tion can temporarily reduce the
bleeding.

— The fascia of platysma is incised in line
with the skin.

— The platysma is blunt dissected with the
fingers parallel to the fiber direction, or
cut with the Metzenbaum scissors.

— Incise the fascia anterior and medial to
the sternocleidomastoid muscle.

— If the omohyoid muscle (that runs oblique
in the operative field) cannot retract medi-
ally it must be cut in the midtendon.

— Retract medially the sternohyoid and
sternothyroid strap muscles protecting
trachea and esophagus.

— The carotid sheath (enclosing carotid
artery, vein and vagus nerve) is identified

— Cut the pretracheal fascia between the
carotid sheath and the midline
structures.

— The superior and inferior thyroid arteries
connect the carotid sheath with the mid-
line and limit the upper exposure to
C3-C4. If it is necessary they can be
ligated.

(v) Deep Surgical Dissection

— Once opened the pretracheal fascia to
access the cervical column is necessary a
longitudinally section on the midline of
the longus colli muscle.

— Strip off the longus colli muscle subperi-
osteally with the anterior longitudinal
ligament from the anterior portion of the
vertebral body and retract it to the right
and to the left.

(iv)
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— The anterior longitudinal ligament is
visualized as a gleaming with structures.

— Lateral to the longus colli lies the sympa-
thetic chain lies.

— Place a radiopaque marker in the appro-
priate vertebral body and take a lateral
image with the radioscopy to control the
position.

— Insert the retractors under the longus
colli muscles and wide them protecting
trachea esophagus and recurrent laryn-
geal nerve.

(vi) Specific surgical risks

The recurrent laryngeal nerve can be injured
during the deep surgical dissection. The longus
colli muscle protect it. The recurrent laryngeal
nerve and its anatomical course are of great
importance for anterior cervical approach. Using
this approach the major parts of surgeons prefer
to use, when possible, the left side for an ana-
tomical reason. The right recurrent laryngeal
nerve is more vulnerable because it crosses the
subclavian artery form lateral to medial to reach
the midline trachea still in the lower part of the
neck with higher risk for injuries. On the left
side the nerve crosses under the aortic arch with
lower risk of intraoperative lesion. If right
approach is chosen the nerve should be visual-
ized during the dissection, particularly below
CS5; reference for the nerve is the inferior thyroid
artery (Fig. 18.3).

Sympathetic nerves and stellate ganglion can
be injured with following Horner’s syndrome. To
protect it the stripping of the longus colli muscles
must be subperiosteal and limited laterally before
the transverse processes.

Carotid sheath must be protected from the
sternocleidomastoid muscle. For retraction is
suggested to use only round and hand-held
retractors.

Vertebral artery is protected in the transverse
foramina and shouldn’t be exposed during the
operation. Laceration occurs in 0.5 % of the
cases; more frequently with decompression
involving hemicorpectomy and corpectomy.

Inferior thyroid artery can be inadvertly cutted
or retracted underneath the carotid sheath.
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Injuries of trachea and esophagus can occur
by using retractors or after screw displacement.

Spinal cord and nerve roots damage are pos-
sible in every anterior spinal cord surgery (rate of
neurologic complication 0.28 %) and somatosen-
sory evoked potentials monitoring reduce its inci-
dence [49].

Microdiscectomy
This phase imply the use of the microscope or at
list of magnifying loops.

— Lateral radiograph is obtained after position-
ing a radiopaque needle to control the level.

— Preparing of the longus colli muscle to visual-
ize the vertebral body.

— When osteophytes are present they must be
excised with rongeurs to avoid malposition of
the interbody graft. Now is the anterior verte-
bral margin visible.

— Cut a rectangular window in the anterior disc

— Remove anterior disc material with a pituitary
rongeur.

— Remove the cartilage from the upper and
lower endplates with a curette.

— Remove posterior disc material with a pitu-
itary rongeur without violating the posterior
longitudinal ligament.

— Wide the intervertebral disc space with posi-
tioning and twisting a Cobb elevator. With this
device mobilize the vertebral body. Distraction
can be obtained position in a distractor
(Cloward distractor or Caspar distractor)

— The enlargement of the disc space must have
at least 6 mm height.

— Frequently small fragments of disc extrude
through posterior longitudinal ligament. In
this case with a curette they can be removed.
Sounding with micronerve hook can be useful
to probe the defects. If the fragments are in the
posterolateral margin of the vertebra adjacent
to the foramen can be useful the use of burr to
offer direct visualization.

— If the bulge-mass of an osteophyte is impor-
tant it can be removed under direct vision with
the burr.

— The cartilage of the endplates must be removed
with a curette
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Insertion of auto or allograft (usually the graft
is 13—15 mm deep and 6—8 mm high)
Distraction of the prepared disc

Insertion and countersunk of the graft till 2 mm
behind the anterior vertebral margin with
impactor. Fragmented graft shouldn’t be used
Release of the traction and test of the graft
stability

Control with lateral radiography graft
placement

Drainage and closing of the platysma and skin

Cervical Vertebral Corpectomy

Accurately exposure of the vertebral body to
be excised is decisive.

Excision of anterior longitudinal ligament and
upper and lower disc to the chosen vertebral
body is necessary to expose it and to orienta-
tion to the depth of the posterior longitudinal
ligament.

After incision the disc material is removed
with a curette and pituitary rongeurs.

If the vertebral bodies are still intact an inter-
vertebral spreader can be used.

Visualize well the uncovertebral joint as this
mark the lateral limit of the disc and are refer-
ence points for the corpectomy.

Remove the anterior cortex of the vertebral
body with rongeurs followed by burr of the
rest of the body but leaving intact the posterior
wall.

The posterior wall must be gently burr with
diamond-point and then the debries and
remained osteophytes withdrawn with curette.
The posterior longitudinal ligament if still intact
should be preserved as useful middle to create
tension band after the graft/cage insertion.
Width of the decompression is decisive for the
result of the operation. The width in the poste-
rior portion of the vertebral body should be
16 mm to ensure decompression. A “trumpet-
shaped” burr can be also an alternative to get
decompression exactly in forn of the spinal
cord.

Now can be increased the traction to correct
the deformity and implant the bone graft/cage.
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— Prepare holes with burr central in the end-
plates to receive the graft.

— Measure the distance with malleable probe or
calipers.

— Tricortical T-shaped iliac crest strut graft/cage
is collected and positioned with the tricortical
part dorsally.

— Reduce the traction and test the graft/cage sta-
bility with a clamp.

— Eliminate the traction and control extension
and flexion of the head. Fragmented and insta-
ble grafts must be changed.

— Smooth the anterior face of the graft/cage to
avoid esophageal lesions.

— Radioscopic control of
position.

the graft/cage

Anterior Plating
Realignment, fixation and compression provide
better union following fractures.

Anterior plate fixation was developed from
Bohler in 1967 [50].

The titanium cervical spine locking plate was
introduced by Morscher providing good stability
without bicortical screw purchase [51]. This plate
uses an expansion screw.

All the instability of the anterior column can
be well addressed with anterior surgery.

Plating provide as in other body segments
rigid internal fixation and optimal condition for
the bone graft healing.

— Obtain good mobilization of the longus colli.

— Decompression and bone grafting /cage
implantation

— Remove osteophytes to permit application of
the plate.

— Before to applicat the plate remove all distrac-
tors and traction.

— It is decisive the correct contour of the bone
graft and cancellous grafting to fill the gaps
before the plate implantation.

— Determine the size of the plate with
fluoroscopy.

— Bend the plate to keep lordosis alignment and
compress the bone graft (temporarily stabilization
of the plate is get with plate holder and pin use).
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— Position of the plate on the cervical spine

— Dirill holes measuring 3.5 mm with depth of
14 mm.

— Place the drill thoroughly in the center to
avoid eccentric screw placement.

— Tap and insert screws of 4 mm.

— Two screws are placed above and below the
graft.

— Don’t overtight the screws.

— Insert the screws which expand the head of the
plate screws.

— Additional screw through the central holes to
fix the bone graft can be used.

Posterior Approach
to the Cervical Spine

In traumatology of the cervical columns this
approach permits:

— Enlargement of spinal canal (laminectomy or
laminoplasty)

— Posterior cervical spine fusion

— Nerve root exploration

— Treatment of facet joint dislocations

— Excision of foraminal disc herniation

(i) Position:

— Prone

— Shave up the inferior margin of the
occiput.

— The flexion of the head in “chin-tucked
and slightly forward-flexed” position
opens the interpinous and interlaminar
spaces

— Fix the patient with brace and tong
(Mayfield) to permit airway intubation
and control of the position during
operation.

— A reverse Terndelemburg of 30° is pref-
erable to reduce venous bleeding and
facilitate exposure.

— Khnees are flexed to prevent distal dis-
placement of the patient.

— Tape down the shoulders to obtain best
radioscopy visualization.
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(i)

(iii)

(iv)

)
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— Upright seated position is possible with
special braces but has higher risk of air
emboli.

— The use of microscope is, depending on
availability an advantage to perform the
operation.

Reference points
Spinous processes are the most promi-

nent and useful landmarks.

C2, C7 (vertebra prominens) and Thl
have wide and large spinous process.

The spinous process of C2 is origin of
many muscular attachments and should be
spared from eventual excision.

Incision

— Straight incision in the midline of the
neck

— Natural internervous plane exists
between the two hemisomes muscles
which are innervated by the right and
left posterior rami of the spinal nerves.

Superficial surgical dissection

— Proceed with the dissection up to the
spinous processes through the nuchal
ligament (position of third occipital
nerve).

— Cauterize the subcutaneous bleeding
coming from venous plexus.

— Subperiosteally stripping of the paraspi-
nal muscles bilaterally with help of the
Cobb elevator or cautery.

— Lateralize the dissection to reveal the
lamina or the articular facets.

— Place the self-retaining retractors

Deep Surgical Dissection

— Visualize the ligametum flavum
between the laminae.

— Excise it from the inferior lamina

— With a spatula cut from the midline
mediolateral the two ligaments separat-
ing them from the underlying dura.

— Perform laminectomy (partial or com-
plete) with high-speed tool and then
with Kerrison rongeur according to the
necessary exposure of the subjacent
dura often covered from epidural fat.

— With blunt instruments visualize the
disc space, the posterior portion of the

(vi)

(vii)

(viii)
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vertebral body and eventually bony,
disc fragments.

— Cauterize with attention not to injury
the spinal root the bleeding coming
from the numerous epidural veins.

Specific surgical risks

— Nerve root and spinal cord: expose as
much as necessary to avoid abruptly
retraction on the nervous structures.
Aggressive retracting causes postopera-
tive adhesions. If necessary remove par-
tially the facet joint to expose the nerve
root.

— Posterior primary rami of the cervical
nerve roots: innervation is usually so
abundant that also denervation has not
clinical consequence.

— Venous plexus in the cervical canal:
abundant and easily bleeding during
operation. Bipolar cauterization is
almost always necessary.

— Segmental blood supply of the muscles:
usually active contraction of the muscle
cause hemorrhage arrest. Cauterization
can always be used without risks of sig-
nificantly devascularization. If nutrient
foramina of the spinous processes bleed
bone wax can be used.

— Vertebral artery: well protected in the
canal established from the transverse
foramina. If the process is destroyed as
result of the trauma pay attention in the
lateral dissection.

Pitfalls

— Spina bifida

— Previous posterior cervical surgery

Posterior cervical laminoplasty
The original description comes from

Hirabayashi [52]; two possible variations

do exist: unilateral “open-door” and bilat-

eral “French-door”.

spinous processes from C3 to C7 can be

removed.

With the burr 2 bony troughs are made

medially to the lateral masses or in the

lamina-facet junction.

In the “open-door” technique the hinge

side is burr only monocortical. If the
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burring is bicortical the laminoplasty is
transformed in a laminectomy and a sal-
vage plate may be necessary.
— The opening side is burr bicortically and
removed.
The use of microscope is currently stan-
dard use.

— Excision of the ligamentum flavum from the
C2-C3 and C7-T1 interspaces are excised with
the Kerrison. The flavectomy is performed at
the caudal and rostral levels of the
lamnoplasty.

Dural adhesions on the opening are freed
with curettes and 2 mm Kerrison.

— Opening of the hinge side using small forward-
angled curettes or skin hooks.

— Gently opening to allow slow migration of
root and spinal cord.

— Accommodate a bone grafts of 6-8-mm.

— Plates for laminoplasty are applied in
sequence. Usually the lateral mass is 8 mm
and the laminar screw is 6 mm.

After plating the mobilization postopera-
tively can be immediate.

Tension sutures to the paraspinal muscula-
ture and the facet joint capsule represent an
alternative to plating.

(ix) Postoperative management

— Optional soft cervical collar can be used

to start active exercises.

— Physical therapy is begun 6 weeks

postoperatively.
(x) Complications

— Closure of laminoplasty door.

— Neck pain.

— Nerve root palsies. Most of the patient

have recovering after 6 months.

— Postoperative cervical kyphosis.

Lateral Mass Screw Fixation
In case of severe osteopenia/osteoporosis supple-
mentary pedicle screw fixation and/or posterior
wiring could be necessary.

If the screw penetration is too deep (bicortical
drilling) nerve root can be injured.

Injury of vertebral artery is extremely rare but
if screw penetration is too deep and pulsatile
bleeding occurs hemostasis, thrombogenic agents
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and bone wax should be applied and postopera-
tive angiography should be required.

Avoiding extreme flexion or extension of the
head allows to prevent the fusion in deformed
position. Also lateral alignment must be careful
to avoid loss of horizontal gaze.

Is extremely important individuate the center
of lateral mass to perform correct screw implan-
tation. Accurate preparation of the approach is
crucial to get good visualization. The procedure
must be controlled regularly at the fluoroscopy.

— Define entry point 1 mm medially to the cen-
ter of the lateral mass. The point direction is
25°-30° laterally and 10°-15° cranially.

— Drill with drill guide (2.4 mm drill bit).
Increase the drill depth 2 mm. Confirm the
screw length with the depth gauge. If spinous
processes disturb drilling is possible to trim
them. Proper direction of the drill is manda-
tory to strive avoiding injury of the facet joint,
nerve root and vertebral artery.

— Tapping is made with tap size of the outer
screw diameter. Bicortical insertion of the
screw (choose length 2 mm smaller of the
screw to avoid nerve root irritation).

— Adapt the rod with the cutter and bender.
Countouring must be made stepwise to obtain
the proper shaping. Additional stability is
reached with cross connectors between paral-
lel rods. Titanium rods can undergo fatigue
after multiple contour correction.

— Place the nut in the polyaxial screw head.
Tight the screws gently and systematically to
avoid screw torque. Then tight the nut with
torque driver and antitorque device.

Soft collar, or rarely hard collar, are indicated
in postoperative period.

Wound infection must be controlled early
because it can require implant removal and exter-
nal immobilization.

Failure of bony fusion may necessitate hard-
ware revision.

Pedicle Screw Fixation
First report of this technique applied to the seg-
ment from C3 to C6 by Abumi et al. for traumatic
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injury of the cervical spine [53]. Superior stability
of this system compared to other internal fixation
was experimentally demonstrated [54]. The tech-
nique allows the reconstruction of the sagittal
alignment without requiring stabilization to the
lamina. Trauma patients can benefit of this proce-
dure at the same time of an adequate decompres-
sion. The risks linked the procedure are anyway
higher than the stabilization on the lateral masses.
For this reason a thoroughly knowledge of the
anatomy is essential to avoid severe complication.

®

Indications

— In the traumatology the posterior surgical
cervical pedicle screw fixation find appli-
cation in cases of posterior elements
injuries or in anterior and posterior
injuries without severe impairment of the
anterior column.

— Post-traumatic kyphosis

— Salvage of pseudoarthrosis of anterior
fusion

— Fusion-level alongation in case of adja-
cent segment degeneration in postfusion
surgery (anterior or posterior).

An accurate selection of the patient is nec-

essary to achieve good results. General and
specific contraindication have to be thor-
oughly excluded before surgery:

Infection disorders

— Osteoporosis

— Major anomalies

— Disrupted pedicles by trauma, rheuma-
toid arthritis, injuries.

— Small pedicles

— Unilateral obstruction of vertebral artery
(contralateral at risk).

According to this contraindications a CT

assessment is an essential preoperative tool.
The MRI must be administered in all case of
evidence or suspect of anatomic variations.

(ii)

Specific Anatomy

From the studies of Karaikovic et al. we
know that screw of 3.5 mm of diameter can
be applied, except in case of anatomical
variations [55].

Reinhold et al showed that the average
overall angle between the sagittal and the

(iii)

(iv)
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longitudinal pedicle is of 46° varying from

30° to 62 (smaller in C7 and bigger in C4).

Extremely large angle are at risk for the spi-

nal cord and the vertebral artery [56].
Moreover a solid cortical bone in the

pedicles, with difficulties in the screw

implantation is to be expected in 0.9 % in

C2,1in 2.8 % in C3 and C4 and in 3.8 % in

C5 [55]. The lateral cortex of the pedicle is

always the thinnest with important conse-

quences in the screw insertion.

Specific Exposure
The skin incision is quite long. It is

important to visualize completely the supe-

rior lamina and discover completely lateral
masses.

Procedure

— A little spatula can be inserted in the
canal next to the medial cortex of the
pedicle to define the direction. Once
the spatula is positioned an angle of
15-25¢ lateral to the spatula direction has
to be pointed. From C3 to C7 the insert
point is slight lateral to the center of the
mass and near to the inferior margin of
the articular process of the upper vertebra
(individual anatomical variations are
possible). Another reference of the screw
insertion point are the lateral vertebral
notch. Each vertebra presents a notch on
the lateral aspect of the articular mass. It
is approximately at the level of the pedi-
cle. The notch is located slight above the
pedicles in C2, at the level of the pedicle
from C3 to C6 and below the pedicle at
C7. The entry point is located always
2—4 mm medially to the notch. The sagit-
tal inclination can be difficult; the screw
can be inserted at a smaller angle than the
angle of anatomical axis. A good com-
promise is to insert the screw with angles
from 25 to 45° in the sagittal plane.
Fluoroscopic control can help in any
moment of the procedure.

— The funneling procedure of the entry
point is a useful option to get more free-
dom in the direction of the screw. It can
be made with a curette or a burr.
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— Afterward can be inserted a pedicle probe
and tapping is performed. Insertion of the
screw under C-arm control. The thick
medial cortex of the pedicle works like a
guide by inserting the screw. In the cervi-
cal spine the neurocentral junction is
quite hard to pass and can be helpful the
use of a Kirschner wire or a diamond burr
to cross this point (avoid drilling for the
risk of injuries). The screw axes is
parallel to the upper endplate from C5 to
C7 and slight cranially directed from C2
to C4.

— Diameter of the screw can go from 3.5 to
4.5 mm. The expected length of the screw
is usually between 20 and 24 mm.

— Use of Computer-assisted screw place-
ment is possible even if the effectiveness
is still controversial.

— Fixation of screws with a rod or a plate.
In general when more than 2 segments
must be fixated is better to choose the
rods. Before the fixation anyway an ade-
quate decompression is compelling
because the alignment change can nar-
row the canal. The bone chips obtained
from the spinous processes should be

reposed.
— Thanks the strength of the pedicle screw,
appropriate  sagittal alignment and

kyphotic correction can be achieved with
good results. However sharp correction
of the kyphosis (or sometimes of scolio-
sis) can cause spine shortening and/or
neural foramina stenosis. In case of pre-
existent neuronal foramina degeneration
and stenosis a prophylactic foraminal
decompression must be performed.
(v)Complications
Risks related to the insertion of pedicular screws
are always possible with damage of neural and
vascular elements. Later neurologic deficits in
series of 227 cases of cervical pedicle screw
fixation was seen in 2.6 %. Correlation with cor-
rection angle of kyphosis was described [57].
The posterior approach is biomechanically more
robust, particularly when used to stabilize pri-
marily posterior injuries [42, 43]. There have
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been concerns, however, regarding the rate of
wound infection and the possibility to neutral-
ize the development of segmental kyphosis as
the injured disc collapses and settles [45].

Prognosis

The neurological status after trauma is a decisive
prognostic factor in cervical spine lesions.

The reference score to evaluate the post-
traumatic neurological status is the ASIA-Score
[58] (see chapter “Classification; Neurological
status”). It is not the aim of this book chapter to
deeply describe neurorehabilitation techniques
after a spinal lesion but just to offer an overview
on this subject.

The rehabilitation process is psychosocial and
economic costly and intricate [59].

Statistically are more frequent incomplete
injuries with partial connections present across
the injury level, providing a substrate of plastic-
ity [60] affording some degree of functional
recovery.

After the flaccid phase due to spinal shock
period, flaccidity is replaced from spasticity [61].

Acute and Subacute Rehabilitation

After a trauma responsible of a complete or
incomplete neurologic damage, the patient is
usually hospitalized between 6 and 12 weeks. At
this stage the rehabilitation program starts as pre-
vention of long term complications. The main
goal of rehabilitation in this period is the strength-
ening to permit sitting up in the bed, using a
wheelchair and dressing [61].

The most common acute complications are
spastic deformities. Within 1 year 66 % of the
patient with post-traumatic spinal cord injuries
develop spasticity.

Passive exercises against spasticity is a basic
type of rehabilitation [61]. The movement can be
done from a robot or a physical therapists. Most
of the human movements are organized around
reflex circuit disrupted by the trauma, which coor-
dinate different joints together. Passive exercises
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can normalize some of these circuits and can acti-
vate cell growth, proliferation, protein synthesis
and stimulate neurotrophic factors [62].

Control of the joint position is mandatory (pil-
lows, sandbags as well orthotics and splints).
Position in bed should change regularly every
2-3 h. Prone position must be adopted sometimes
to avoid flexion contractures of the hip.
Cleanliness of the skin is useful to prevent
decubitus complications. Fixation and supporting
upper body is obtained with the use of corsets.

Concerning active exercises, the most used
strategy is to perform repetitive movements
where the patient ambulates, with help of paral-
lel bars or therapist. Repetitive active movement
favors cortical remapping and corticospinal
drive [63, 64].

If truncal mobility is present isometric active
and active-assisted exercises should be per-
formed. It can prevent pulmonary function
decline. Also breathing exercises should be per-
formed during the acute phase to preserve the
lung capacity [61].

Orthesis and Mobilization Devices

In the acute phase of complete paraplegia, the
strengthening of the upper extremities is pivotal
to permit using of electric bicycles, crutches, and
to allow transfer from the bed [65].

Wheelchair is the most important device for
the patient with spinal cervical injury. It permits
to patients to maintain a social life and an indi-
vidual adaptation is very important [61].

Incomplete spinal injured patients have in
some cases still the potentiality to walk. Usually
the level corresponding a functional ambulation
is T12.

In patient upright standing can be used a
locked knee joint walking device. Standing has
advantages of reducing deep vein thrombosis and
spasticity, bladder and bowel function reactiva-
tion, decubitus prevention and osteoporosis [66].

Devices like crutches and walkers are useful
to help patients with pelvic control in the chronic
stage of ambulation. Light weight of the devices
is expensive but crucial in the efficiency.
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If the quadriceps strength is normal the orthe-
sis associated to elbow crutches are sufficient to
walk without wheelchair.

Hip guidance orthesis (parawalker) can permit
ambulation in patient with complete injury of
C8-T12.

Chronic Rehabilitation

The independent mobilization is the priority in
complete and incomplete paraplegic patients.
Usually an injury of T10 level permits an ambu-
lation compatible to physiotherapy exercises.
The injury of T11-L2 is correlated to domestic
ambulation. With lower level of injury is nor-
mally possible an ambulation related to social
life.

The patient must be maintain the best physical
form possible (reduce excess weight, increase
muscle mass and increase aerobic capacity) to
allow a more effective mobilization.

In the chronic phase of neurorehabilitation the
social integration and the patient independency
must be supported [61].

The house must be adapted (door, electric
switches height, insulation and heat, door han-
dles, carpets, bath tubs, kitchen apparatus height
etc.) to the daily living of patients.

Depression develops in one third of patients
after 6 months. The most common cause of death
in patient with spinal cervical injury less than 55
years old is suicide. In case of depression or psy-
chotic behavior a psychological support is needed.

Restore the role and occupation of the patient
in the society is the most important factor for
psychological healthy of the patient. Occupational
therapy is an important part of the rehabilitation
process [61].

Electrical Stimulation

The functional neuromuscular stimulation is
based on stimulating nerve fibers of intact dener-
vated muscles [67].

It has been proved that electrical stimulation
increases neurotransmitter expression [68],
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reactivates spinal reflex actions [69], affects
properties of the spinal pattern generator [70].

A study demonstrates that not only motoric
stimulation has positive effect on the recovery of
patients but also the stimulation of the sensory
pattern [71].

Electrical stimulation works directly on the
pathophysiology and the neural plasticity of spi-
nal injuries. The goal of electrical stimulation is
to recreate functional movement patterns and
make them useful in the daily life [72-74].

Across individual exist different patterns of
muscle activation for the same movement. These
differences are higher after the injury. So pre-
defined stimulation algorithms are limited in the
effectiveness and strike with the problem of
higher muscle fatigue.

With “early application” of neuromuscular
electrical stimulation, within 2 weeks from the
injury, the patient can benefit of an accelerate
recovery following spinal injuries. Nevertheless
timing of rehabilitation techniques plays an
important role in the obtained results.
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Daniele Castelli, Dalila Scaturro,
Antonio Sanfilippo, and Giulia Letizia Mauro

Definition

Neck pain is par excellence one of the most com-
mon disorders of the musculoskeletal system, sec-
ond only to low back pain. It constitutes 40 % of
all backache. The International Association for the
Study of Pain (IASP) defines pain of cervical ori-
gin coming from an area between the nuchal line
and another imagi-nary line that passes through
the lower end of the spinous process of the first
thoracic vertebra and the sagittal plans tangent to
the side edges of the neck. This definition consid-
ers therefore posterior pain which in turn can be
divided into high pain, up to C3, and lower pain,
down from C4. Also, as all diseases, it can be
divided into acute and chronic neck pain, merely
according to the time of onset: it lasts more than 3
months in the first case and for longer in the sec-
ond case. The painful perception depends on the
nociceptive elicitation of the major structures
innervated in the neck region, such as cervical
muscles, ligaments, facet joints and nerve roots.
The pain may radiate to the upper limbs if there
is a nerve root compression, with an annual inci-
dence of 83 per 100,000 individuals, aged between
13 and 91 years, in the US [1]. Clearly the distri-
bution of pain depends on the affected nerve root.
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Epidemiology

Despite being a predominantly benign pathology,
it has a significant effect in terms of economic
and social costs, due to the significant number of
days of absence from work. However in 10 % of
cases it tends to become chronic. It affects
30-50 % of the general population every year. It
reaches its peak in middle age and women are the
most affected [1].

It is estimated that its prevalence is of
12.1-71.5 % in the general population and
27.1-48.8 % in workers, while the annual preva-
lence of disability is of 1.7-11.5 % [2].

Functional Anatomy

To understand the importance of this pathology it
is necessary to know in detail the cervical spine
from the viewpoint of functional anatomy.
Cervical spine performs three important func-
tions: it acts as a support for the head, it enables
the movements of the head and provides protec-
tion to the spinal cord and the vertebral arteries
flowing inside. It consists of two anatomically
and functionally distinct parts:

— The upper cervical spine, formed by the first
two vertebrae (atlas and axis) that are articu-
lated through a three-axis hinge that allows
three degrees of freedom; it coordinates in

An erratum to this chapter can be found at DOI 10.1007/978-3-319-21608-9_20.
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space the position of the head and allows the
alignment of the sense organs.

— The lower cervical spine, that runs from the
bottom plate of the axis to the top of the first
dorsal vertebra, and allows movements of
flexion-extension and mixed rotation-tilt.

These two traits functionally complement and
allow the execution of the classical movements of
the head: rotation, tilt and flexion-extension. The
posture of the head keeps the eyes parallel to the
horizon, influences the TMIJ static/dynamic
occlusal scheme and body scheme, in order to
maintain balance.

Etiology

Except for post traumatic events, such as whip-
lash, the etiology of cervical pain is still misun-
derstood, or otherwise attributable to different
triggers [3]. However, it is possible to identify
risk factors and with them the possible causes.

It can be fully considered a multifactorial
disease.

We distinguish non-modifiable and modifiable
risk factors. Among the first we consider: the age,
gender (women are more affected) and genetic
factors. While the latter are: smoking (active and
passive), physical activity, poor posture, high
demands at work, a repetitive or precision work,
low social esteem [4].

In most cases the etiologic mechanism is
attributed to a dysfunctional source (“nonspe-
cific” or “common” neck pain), in which coexist
inflammatory, muscular, neurological, mechani-
cal and postural components [5].

It may be related to:

— A specific organic problem (cervical uncar-
throsis, zygapophyseal arthrosis, facet joint
syndrome, disc degeneration, spinal canal ste-
nosis, myofascial syndrome, rheumatic dis-
eases, cancer, etc)

— Psycho-social, “not organic” problems

— Post-trauma, work, sports ... [6]

D. Castelli et al.

Many authors agree that neck pain can be
defined as a clinical syndrome that occurs due to
imbalance between load conditions, load capac-
ity and, especially, adaptation. A weakness of the
cranio-cervical flexor muscles and a forward
head posture, usually associated, seem to be the
basis of the functional aspects of this disease.
Also, hyperlordosis of the upper cervical trait and
increased kyphosis of the lower trait result in the
increase of load on the transition area between
the two curves [7].

Classification

The most common classification defines four
grades of neck pain:

— Grade I : absence of signs of major diseases and
without interference in everyday activities.

— Grade II: absence of signs of major diseases,
but with interference in daily activities
(<10 %).

— Grade III: neck pain with signs/symptoms of
radicular pain. Requires specific tests and
treatments.

— Grade IV: neck pain with signs of major dis-
eases (instability or infection). It requires tests
and an urgent treatment.

Clinical Evaluation

Being a multifactorial disease, clinical evaluation
of neck pain plays a primary role in the diagnosis,
treatment and prognosis.

A comprehensive history is a very important
moment of the clinical investigation that can
direct you to a diagnostic hypothesis and espe-
cially allows you to suspect other diseases that
have symptoms such as neck pain (“Red flags”™).

Next stop is the inspection, that begins with the
patient’s entry in ambulatory. It will assess the
posture of the head, shoulders and upper limbs. It
continues while the patient undresses and during
all his natural movements. Are to be assessed,
also, the presence of any scars, blisters, etc.
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Then we begin palpating bones in a supine
position, so that the deeper muscles are released
and the bony prominences more attainable. In the
front, you can pal-pate the hyoid bone, thyroid
cartilage, the first cricoid ring and the carotid
tubercle. In the rear the occiput, the inion, the
superior nuchal line, the mastoid process, the spi-
nous processes of the cervical and, moving side-
ways to 3 cm, the facet joints. Palpation of the soft
tissues also identifies two zones: front and rear. In
the first we will find the sternocleidomastoid mus-
cles, the lymphatic chain, thyroid, parathyroid,
the carotid pulse and supraclavicular fossa. In the
second: the trapezius muscles, occipital nerves
and the superior nuchal ligament.

Then you can evaluate the articulation. The
range of motion of the cervical spine allows six
degrees of freedom: flexion, extension, left and
right rotation and tilt. This range of motion allows
the head and neck large movements. About 50 %
of the flexion and extension occurs between
occiput and C1, the remaining 50 % is distributed
evenly among the other vertebrae; mind 50 % of
the rotations occur between C1 and C2, the other
50 % involves the breaking 5 cervical vertebrae.
You will first consider active motility and then
passive motility. For the cervical spine more than
for any other district, the neurological examina-
tion takes a very important role for the presence
of the brachial plexus. It consists of two phases:
the evaluation of muscle strength of the intrinsic
muscles of the cervical spine and peripheral neu-
rological examination of the upper limbs (muscle
strength, sensitivity and tendon reflexes). Clinical
evaluation can be completed with the execution
of some provocative tests such as: Spurling’s
Neck Compression Test, Shoulder Abduction
(Relief) Test, Neck Distraction Test, Lhermitte’s
Sign, Hoffmann’s Sign and Adson’s Test and
Valsalva Maneuver.

A very important step to monitor the effective-
ness of treatment and the course of the disease is
the administration of district specific rating
scales, as the Neck Pain, Cervical Radiculopathy,
Neckache Scale, and so on.

In recent years, however, the World Health
Organization is trying to guide the framing of the
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patient towards a bio-psycho-social vision that
considers all aspects related to the health of the
individual in order to achieve therapeutic inter-
ventions that go to improve quality of life of the
person. This system has been identified in the ICF
(International ~Classification of Functioning
Disability and Health), around which you can
build the evaluation/diagnostic process, pharma-
ceutical, rehabilitation and subsequent outcomes.

Red Flags

In line with the 2011 SIMFER diagnostic and
therapeutic recommendations for back pain, in
order to exclude a serious cervical disease, spe-
cific research is necessary to evaluate alarm sig-
nals (red flags), in reference to the criteria for
specialized medical differential diagnosis and
forensic medical responsibility for good clinical
practice.
The red lights are the following: (tab)

— Age less than <20 years or>50 years

— Signs of systemic disease

— Incessant pain at rest

— Altered state of consciousness

— Language disorders

— Symptoms or signs of alteration of the central
nervous system

— Ligamental weakness

— Sudden onset of acute neck pain or headache
with unusual characteristics

— Suspected carotid dissection

— Suspected neoplasia

— Suspected discitis,
tuberculosis

— Surgical outcomes

— Structural deformities with progressive pain

osteomyelitis  and

Diagnostic Imaging

Studies of diagnostic imaging should be targeted
to the confirmation of a clinical suspicion and not
used routinely. The execution of the radiograph
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of the cervical spine in standard projections is
recommended if symptoms persists for more than
a month and on suspicion of a specific diseases.
The MRI or CT are justified only in cases of doc-
umented neurological compression, together
with an EMG/ENG (herniated discs, spinal ste-
nosis), or if a serious condition is suspected
(myelopathy, discitis, fractures) [8].

Therapy
Medical Therapy

The 2011 SIMFER guidelines of the diagnostic
and therapeutic recommendations for neck pain
recommend the use of paracetamol/NSAID/
Steroids for the reduction in the short term of the
painful symptoms related to the gradient of the
symptoms. However, two systematic reviews
show no evidence in the use of analgesics,
NSAIDs, muscle relaxants and antidepressants
for the acute and chronic neck pain.

Rehabilitation Treatment

The primary objective of rehabilitation treatment,
since it is not possible a etiological therapy, will be
aimed at the reduction or resolution of pain, the
global and segmental joint recovery, and espe-
cially the restoration of skills decreased from cer-
vical disease. In literature there are numerous
studies that describe multiple interventions, how-
ever due to the poor methodological quality and
diversity of patient samples is not possible to iden-
tify a standard treatment. The treatment involves
the integration of drug therapy in combination
with an individual rehabilitation program, tailor
made for each patient depending on the intensity
of symptoms and the general clinical condition.

Specifically, it will be in pursuit of shortterm
goals (pain control, initial joint recovery if there
is limitation), medium term (full recovery of
ROM, resolution of muscle contractures, rein-
forcement of the stabilizing muscles of the head)
and long term (taking proper posture and preven-
tion of relapse).

D. Castelli et al.

The program, however, will make use of sev-
eral techniques such as: global postural reeduca-
tion by Souchard, that arises from the assumptions
of Mezieres and the techniques of McKenzie.

The first technique is based on the clear dis-
tinction between behavior and role of the static
muscle and dynamic muscles.

The cardinal principle of the method is that
static muscles are exercised in a eccentric way
and the dynamic muscles in a concentric way. As
a consequence, a shortening of the static muscles
will lead to a retraction and an excessive resis-
tance to elongation, while the dynamic ones can
be freely shortened (contracted).

Going beyond the limits of the Mezieres
method, Souchard also places a focus on the dia-
phragm (respiratory muscle) and the phrenic
nerve that supports it, as well as its synergistic
action with the posterior back muscles chain and
the ileopsoas muscle.

Souchard believes that muscular chains can be
summarized in two larger groups: anterior and
posterior.

The choice of the used postures is done after a
careful functional evaluation of the dynamic and
static muscles, and an examination of retractions.
Souchard identifies mainly two morphological
pattern. The first is called the anterior, in which
patients have a forward position of the head, dor-
sal kyphosis, lumbar hyperlordosis, anteversion
of the pelvis, femur internally rotated and valgus
knees, heel and foot valgus.

The second is named posterior. In this cate-
gory patients may present mainly the following
characteristics: short neck, flat back, lumbar
hypolordosis and subsequent diaphragmatic
problems, retroverso pelvis, varus knees, heel
and foot varus.

The McKenzie method, developed by a phys-
iotherapist from New Zealand, is based on main-
taining correct posture and how to perform
specific exercises to treat some forms of back
pain, mainly mechanical (related to the mainte-
nance of posture or execution of movements
harmful) . The treatment according to McKen-zie
tip on the involvement and active participation of
the patient for the resolution of the symptoms and
above provides the means to prevent recurrence.
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The method aims to provide the patient with a
program of self-treatment for pain management
and prevention of recurrence (Fig. 19.1).

Therapeutic Exercise

The scientific literature supports the effectiveness
of therapeutic exercise for acute neck pain.
Rehabilitation treatment involves strengthening
and stretching of the stabilizing muscles of the
cervical spine and shoulder girdle, improved
mobility and proprioception, always respecting
the pain threshold [9].

In case of chronic neck pain, isometric
strengthening exercises have been proven effec-
tive, with results maintained even in 3 years.

The dosage of the specific exercise depends
on the local load capacity, while, for nonspecific
exercises, individual general load capacity must
be taken into account, and in particular the pres-
ence of comorbidity. According to the clinical
presentation, exercises may be directed to the
upper cervical spine, the lower spine and the cer-
vicothoracic transition.

The final phase of the treatment will be
“gesture-specific”’, i.e. the patient will mimic
work gestures movements, or sport movements,
in order to allow the full reintegration of the per-
son in its activities.

Manual Therapy

The therapeutic exercise seems to have a synergis-
tic effect in combination with manual therapy
enough to be strongly recommended in the guide-
lines [10]. Manual therapy through its two different
techniques allows the separate treatment of the soft
tissues and the joints. The first one is performed on
the muscles, tendons and ligaments designed to
restore the elasticity of the structure and the resolu-
tion of the pain of myofascial origin.

The second one uses mobilization with and
without impulse. Mobilizations are carried out by
applying different parameters of intensity and
time, respecting the range of motion allowed.
Depending on the direction of the movement it
can be divided into direct, if the mobilization is
carried out towards the barrier of restriction, or
indirect, if it takes place in the opposite direction.
The technique is also called primary, when it
involves only the articulation to mobilize, and
secondary if it takes place through the mobiliza-
tion of other joints.

Physical Therapy

The application of physical therapy in the
reduction of acute and chronic neck pain con-
sists mainly in magnetic therapy, analgesic

Fig. 19.1 Manual treatment of the patient
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electrotherapy, ultrasound and laser therapy in
its various forms.

A single randomized trial demonstrated a
modest short-term efficacy of magnetic therapy
in the treatment of acute and chronic non-specific
neck pain [11].

TENS and ultrasound instead, lacking of
systematic reviews, are recommended in com-
bination with exercise therapy and other meth-
ods of physical therapy in chronic neck pain
[12, 13].

Laser therapy is recommended for the reduc-
tion of neck pain in the short term in both acute
and chronic phases [14].
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discectomy and fusion (CMEDF))

EPCLF approach, 100-103

history of, 91

laparoscopic cholecystectomy, 91

MECLL approach, 104-105

orthopedic arthroscopy, 91

posterior approach, 109
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Cervical spondylosis, 137
Cervical spondylotic myelopathy (CSM), 103
Charge-coupled devices (CCDs), 92
Chronic obstructive pulmonary disease (COPD), 58, 59
Ciprofloxacin, 64
Cl1 lateral mass screws and C2 pedicle fixation (C1LM-
C2PS), 129-130, 132-134
Clindamycin, 64-65
Cloward technique, 120-121
CMEDF See Cervical microendoscopic discectomy and
fusion (CMEDF)
Columns theory, 224
Computed tomography (CT)
CClJ, pseudotumor of, 34, 35
cervical facet arthropathy, 32
CPPD, 45
DISH, 42
disk herniation, 29, 38
flaval ligaments, ossification of, 44
limitations, 29
OPLL, 43
optimal visualization, parameters for, 29
osteophytes, 32
stenosis, 40
Congestive heart failure (CHF), 58
Continuous positive air pressure (CPAP) device, 59
Coronary artery disease (CAD), 58
Cortical allografts, 165
Coupling phenomenon, 12, 14
CPPD See Calcium pyrophosphate deposition disease
(CPPD)
Craniocervical junction (CCJ)
atlanto-odontoid, 33-34
atlas, 27-28
axis, 28
degenerative disease
abundant inflammatory reactive tissue, 34, 35
atlanto-odontoid, 33-34
CPPD, 44
DSA, 44
pseudotumor of, 34, 35
extrinsic and intrinsic ligaments, 28
synovial joints, 28
Cranio-vertebral junction (CVJ) instability
conservative treatment, 127, 129
posterior stabilization
C1-C2 trans-articular screw technique, 129,
131-132, 134
CILM-C2 PS, 129-130, 132-134
CI1LM-C2TL, 130
Gallie’s technique, 127, 130
Halifax clamps, dislocation of, 131
peroneal graft, 127
posterior sub laminar wiring, 127
posterior wiring and clamps, 130-131, 134
Craniovertebral osteoarthritis
conservative treatment, 50
natural course for, 50
pathophysiology, 49
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prevalence of, 48
surgery, 52
Crushed cortical/cancellous allograft, 165
CSS See Cervical spine surgery (CSS)
CV]J See Cranio-tebral junction (CVJ) instability
Cyclooxygenase-2 inhibitors (COX-2), 66

D
Deep venous thrombosis (DVT), 65
Degenerative cervical spine disease, 49
ACDF, 94
aging, 27
cervical facet arthropathy, 32
computed tomography (see Computed tomography
(CT)
CPPD, 44-45
cranio-cervical junction
abundant inflammatory reactive tissue, 34, 35
atlanto-odontoid, 33-34
pseudotumor of, 34, 35
DISH, 4142
disk degeneration, 30-31
DSA, 43-44
flaval ligaments, ossification of, 44
instability
definition of, 33
fixity, phase of, 33
functional derangement, phase of, 33
phase of, 33, 34
ligament degeneration, 32
MRI (see Magnetic resonance imaging (MRI))
OPLL, 42-43
radiography (see Radiography)
spondilosys, 32
stability, definition of, 32-33
subaxial cervical spine
disk herniation (see Disk herniation)
stenosis (see Stenosis)
Dental amalgam, 182
Destructive spondyloarthropaty (DSA), 43—44
Dexamethasone, 67
Diffuse idiopathic skeletal hyperostosis (DISH), 41-42
Direct laryngoscopy (DL), 59
Disk degeneration, 30-31, 49
Disk herniation
acute post-traumatic onset, 36
bulging disk, 35, 36
central disk herniation, 35-36
computed tomography, 29, 38
disk tissue hernia and osteophytes, 36-37
foraminal/extraforaminal hernia, 36, 37
free fragment, 36
lateral/paramedian hernia, 36, 37
MRY], 38, 39
radiography, 29
terminology, 34-35
Droperidol, 67
DSA See Destructive spondyloarthropaty (DSA)
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DTRAX spinal system
Access Chisel, 142, 144
AP and lateral fluoroscopy, 146, 148
biomechanical efficacy of, 149-150
bone graft material placement, 146, 148
Cage Delivery Instrument, 145-147
C-arm preparation, 140-141
clinical outcomes, 148—-149
contraindications, 140
contralateral procedure, 148
Decortication Rasp, 144-146
Decortication Trephine, 142, 144, 145
DTRAX cervical cages, 139-140
Guide Tube placement, 144, 146
indications, 140
instrumentation components, 140
operating room and patient preparation, 140, 141
skin markings and sterile field, 141, 142
surgical instruments, arrangement of, 141, 143
sutures, 148
trajectory and access facet joint, 141-143
working channel, 144

Dysphagia, 111

E
EasyGO-System, 92, 93
Elastic zone (EZ), 13, 22, 24
Electrical stimulation, 235-236
Endoscopic posterior cervical laminoforaminotomy
(EPCLF)
advantages of, 103
complications, 103
contraindication, 100
functional outcomes, 103
indications, 100
surgical equipment and instruments, 101
surgical technique, 101-102
Endoscopy, 91
CCDs, 92
cervical spine surgery
ACD, 94
ACDF, 94
APECD approach (see Anterior percutaneous
endoscopic cervical discectomy (APECD))
CMEDF approach (see Cervical microendoscopic
discectomy and fusion (CMEDF))
EPCLF approach, 100-103
MECLL approach, 104-105
components, 92
EasyGO-System, 92, 93
evolution of, 92
fiberscope, 92
lumbar spine surgery, 91-93
minitelescope, 92
neuroendoscopy, 92
rigid rod-lens endoscope, 92
Endotracheal intubation, 60
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EPCLF See Endoscopic posterior cervical
laminoforaminotomy (EPCLF)

F

Fiberscope, 92

Foramen magnum (FM), 14

Foramen transversarium (FT), 160

Forestier disease See Diffuse idiopathic skeletal
hyperostosis (DISH)

Fresh-frozen allograft, 165

Functional spinal unit (FSU), 11-12, 32

G

Gabapentinoids, 66

Gel padding devices, 63
Gentamicin, 64, 65
GlideScope', 60

H

Helical axis of motion (HAM), 12

Hemicord syndrome, 222

Herniation See Disk herniation

Heterotopic ossifications (HO), 202-203
High definition (HD) camera, 92
Hippocrates, 91

5-Hydroxytryptamine-3 (5-HT3) receptor, 67

I
IAR See Instantaneous axis of rotation (IAR)
Idiopathic neck pain
annual incidence of, 47-48
conservative treatment, 50
natural course for, 49-50
pathophysiology, 49
patients, algorithm for, 52, 53
surgery, 52
Instantaneous axis of rotation (IAR)
axial load, 12
CO-C1 articulation, 15
C3-C7 cervical spine, 20
C2-C3 sagittal motion, 18
C1-C2 sagittal plane motion, 17
definition, 11, 13
Intermittent pneumatic compression (IPC), 65
International Association for the Study of Pain
(IASP), 239
Intraoperative neurophysiologic monitoring
(IONM), 57
Ischemic optic nerve neuropathy (ION), 63
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Kaplan-Meier survivorship analysis, 196
Klippel-Feil syndrome, 201
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Laparoscopic cholecystectomy, 91
Lateral mass screw (LMS) fixation
Anderson technique, 156—159
An technique, 155, 157-159
C5-7 LMS fixation, 154
intraoperative photograph of, 154
Magerl technique, 155, 156, 158-159
posterior cervical spine, 155
Roy-Camille procedure, 153, 155, 156, 158
safety of, 159-160
Levofloxacin, 64
Lichtleiter, 92
Ligament degeneration, 32
LMS fixation See Lateral mass screw (LMS) fixation
Low-back pain, 91
Lumbar spine surgery, 91-93

M
Maclntosh laryngoscope, 60
Magerl technique
vs. An and Anderson technique., 158-159
C3-4, LMS fixation of, 158
entry point, 155, 156
nerve root injury, risk of, 158
vs. Roy-Camille technique, 158
Magnetic resonance imaging (MRI), 27
CClJ, pseudotumor of, 34, 35
cervical disk herniations, 38, 39
cervical facet arthropathy, 32
CPPD, 45
DISH, 42
disk degeneration, 30-31
flaval ligaments, ossification of, 44
neoplastic and infectious diseases, 29-30
OPLL, 43
osteophytes, 32
post-surgical hernia relapse, 29
sequences and scanning planes, 29
stenosis, 40—41
Mayfield clamp, 69
McKenzie method, 242
MECLL See Microendoscopic cervical laminoplasty and
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Methylprednisolone sodium succina, 226
METRx system, 93
Mezieres method, 242
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(MECLL)
advantages of, 105
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contraindication, 104
CSM, 103
functional outcomes, 105
indications, 104
surgical equipment and instruments, 104
surgical technique, 104—105
Microendoscopic technique, 92

Middle-lower cervical spine
anatomy
anterior ligamentary complex, 218
cervical vertebral body, 218
flexion-extension mobility, 218
inferior laryngeal nerves, 220-221
posterior ligamentary complex, 218
prevertebral muscles, 219, 220
Recessus piriformis, 219-220
spinous processe, 218
superior laryngeal nerve, 219
three muscular layer, 218, 219
transverse processes, 217
vertebral bodies, 217
anterior approach
cervical vertebral corpectomy, 229-230
deep surgical dissection, 228
microdiscectomy, 229
patient position, 227
plate fixation, 230
reference point, 227
superficial surgical dissection, 228
surgical risks, 222, 228-229
transverse skin crease incision, 227-228
biomechanics
compression lesions, 221
distraction lesions, 221
translation/rotation lesions, 221-222
cervical vertebral corpectomy, 229-230
columns theory, 224
conservative treatment, 226
diagnosis, 224-225
epidemiology, 217
neurological status
anterior cord syndrome, 222
ASIA impairment scale, 223
central cord syndrome, 223
Frankel Classification grading system, 223
hemicord syndrome, 222
posterior approach, 227
cervical laminoplasty, 231-232
complications, 232
deep surgical dissection, 231
incision, 231
lateral mass screw fixation, 232
patient position, 230-231
pedicle screw fixation, 232-234
pitfalls, 231
postoperative management, 232
reference point, 231
superficial surgical dissection, 231
surgical risks, 231
prognosis
acute and subacute rehabilitation, 234-235
chronic rehabilitation, 235
electrical stimulation, 235-236
orthesis and mobilization devices, 235
radiographic instability criteria, 224
stability, 224
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acute spinal cord injury, 226
cervical axial traction, 226227
decompress, neurological structures, 226
incomplete spinal cord lesion, 226
radiologic assessment, 226

Minitelescope, 92

Motor-evoked potentials (MEPs), 61-62

MRI See Magnetic resonance imaging (MRI)

N
Nasotracheal intubation, 63, 64
Neck Disability Index (NDI), 148, 212
Neck pain See also Cervical pain
classification, 240
clinical evaluation, 240-241
definition, 239
diagnostic imaging, 241-242
epidemiology, 239
etiology, 240
functional Anatomy, 239-240
manual therapy, 243
medical therapy, 242
physical therapy, 243-244
red flags, 241
rehabilitation treatment, 242-243
therapeutic exercise, 243
Nerve root edema, 137
Neuroendoscopy, 92
Neurokinin-1 receptor, 67
Neutral zone (NZ), 13, 22, 24
Non-steroidal anti-inflammatory drugs
(NSAIDs), 66, 203

(0]
Obstructive sleep apnea (OSA), 58, 59
Odontoid screw fixation
indications for
age, 211-212
decision making process, 209, 210
fracture type, 209-211
timing of surgery, 211
surgical technique
K-wire, 213, 214
patient positioning and setup, 212, 213
postoperative care, 215
screw insertion, 214-215
skin incision, 213
Ondansetron, 67
OPLL See Ossification of the posterior longitudinal
ligament (OPLL)
Orthopedic arthroscopy, 91
Ossification of the posterior longitudinal ligament
(OPLL), 42-43
Osteoconductive See Osteointegrative
Osteogenesis, 166

Osteoinduction, 166
Osteointegrative

allograft, 166

bioactive glasses, 166

synthetic bone graft substitute, 166
Osteophytes, 32

P
Palonosetron, 67
Particulate grafts, 165
Paulus of Aegina, 91
Percutaneous laser disc decompression/denervation
(PLDD)
aim of, 81
anti inflammatory effects, 79
cervical radicular pain, 51-52
cervical treatments, parameters for, 79-81
collagen shrinkage, 78
complications
direct puncture of organs, 83
discitis, 85
endplates, damage of, 85-86
hematoma, 86
infections, 86
rate of, 84
recurrent symptoms, 84
terminally induced alterations, 84—85
contraindications for, 82
decompression, 78
disc material, denervation of, 78-79
equipment for, 81, 82
indications for, 81-82
procedure, 82-84
results, follow up, 86-87
tissue interactions, 76—77
vaporization effects, 78
Perioperative visual loss (POVL), 63
Peripheral nerve injury, 62
Plaster of Paris, 182
Platelet rich plasma (PRP), 170
PLDD See Percutaneous laser disc decompression/
denervation (PLDD)
Polyetheretherketone (PEEK), 163-164, 169, 177
Polymethylmetacrylate (PMMA), 51, 177
PONYV See Postoperative nausea and vomiting
(PONV)
Post discharge nausea and vomiting (PDNV), 67
Posterior cervical spine surgery (PCSS), 57
Posterior longitudinal ligament (PLL), 20, 28, 119
Postoperative nausea and vomiting (PONV), 66-67
PRESTIGE, 197, 198, 201-202
ProDisc-C, 197, 201
Prolo Scale, 86
Pseudoarthrosis, 111
Pseudogout See Calcium pyrophosphate deposition
disease (CPPD)
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Radiography
brachialgia, assessement of, 29
central canal stenosis, evaluation of, 29, 40
cervical facet arthropathy, 32
CPPD, 45
degenerative instability, 33, 34
DISH, 42
disk herniation, 29
DSA, 44
flaval ligaments, ossification of, 44
instability, assessement of, 29
OPLL, 43
osteophytes, 32
Range of motion (ROM), 11, 13
C3-C7 cervical spine, 19
CO0-C1 joint, 15
C1-C2 joint, 15
definition, 13
elastic zone, 13, 22, 24
neutral zone, 13, 22, 24
normal global motion, 23-24
Rapid prototyping technology, 183
Recurrent laryngeal nerve (RLN) injury, 118
Reverse engineering technology, 183
Rigid rod-lens endoscope, 92
Rolapitant, 67
ROM See Range of motion (ROM)
Roy-Camille technique, 153
entry point, 155, 156
vs. Magerl’s technique, 158

S
Sciatica, 91
Smith-Robinson technique, 118-120
Somatosensory-evoked potentials (SSEPs), 61-62
Spinal cord injuries (SCI), 57
Spinal surgery
cervical spine (see Cervical spine surgery (CSS))
history of, 91
lumbar spine surgery, 91-93
Spondylosis, 32, 161
SSEPs See Somatosensory-evoked potentials (SSEPs)
Stenosis
acquired stenosis, 39
central, 39
computed tomography, 40
congenital stenosis, 38
definition of, 38
foraminal stenosis, 40
lateral recesses stenosis, 40
mixed stenosis, 39
MR imaging, 40-41
physiopathology, 40
radiography, 40
symptoms, 38
Sternal-occipital-mandibular immobilizer (SOMI), 128
Stiffness/elasticity
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bending load, 177, 178
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prosthetic disc
elastomer core, 176, 177
sliding core, 176, 177
vertebral disc, 176
vertebra’s cancellous bone, 180
Stress protection, 163
Subaxial cervical spine
ALL and PLL, 28
disk herniation (see Disk herniation)
flaval ligaments, 28
foramina, 29
intervertebral disks, 28-29
LMS fixation (see Lateral mass screw (LMS)
fixation)
spinous process, 28
stenosis (see Stenosis)
uncinate processes, 28
Superior cervical spine, 1-2
Surgical site infection (SSI), 63—65
Syndesmophytes, 42
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Tissue processing techniques, 165

Tissue sparing indirect decompression and fusion

DTRAX spinal system
Access Chisel, 142, 144
AP and lateral fluoroscopy, 146, 148
biomechanical efficacy of, 149—150
bone graft material placement, 146, 148
Cage Delivery Instrument, 145-147
C-arm preparation, 140-141
clinical outcomes, 148-149
contraindications, 140
contralateral procedure, 148
Decortication Rasp, 144-146
Decortication Trephine, 142, 144, 145
DTRAX cervical cages, 139-140
Guide Tube placement, 144, 146
indications, 140
instrumentation components, 140
operating room and patient preparation, 140, 141
skin markings and sterile field, 141, 142
surgical instruments, arrangement of, 141, 143
sutures, 148
trajectory and access facet joint, 141-143
working channel, 144
ligamentum flavum, 138-139

Titanium, 177

Torg-Pavlov ratio, 40

Total disc replacement (TDR), 138 See also Cervical disc

arthroplasty
Totally intra-venous anaesthesia (TIVA), 66
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Transarticular (TA) screw technique, 129, 131-132, 134
Traumatic cervical injuries See Middle-lower cervical spine
Tricalciumphosphate (TCP), 177
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Vancomycin, 64—65

Venous thromboembolism (VTE), 65
Vertebra’s cancellous bone, 180

Visual Analogue Scale (VAS), 148-149
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