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1. Introduction

The craniovertebral junction (CV]) consists of the occiput and the first two cervical
vertebrae, and functions as an articulation point capable of complex motions distinct from
the remainder of the spinal column. These unique features make the CV] more mobile than
any of the other joints in the cervical spinal column, and important biomechanical properties
must be understood in order to properly accommodate instrumentation to stabilize the
spine after trauma, neoplasm, or degenerative disease. Each joint (Occiput-C1 and C1-C2)
has its own unique biomechanical properties; at the occiput-C1 joint, bony structures are
most responsible for stability and motion, while at the C1-C2 joint, ligamentous structures
provide greater stability and motion compared to the bony elements.

A fundamental understanding of the biomechanics of the CV] is important for spinal
surgeons, physical therapists, and biomechanical engineers. In this chapter, we will review
basic biomechanical and physiological properties of the CV], and then discuss common
changes in biomechanics that occur via trauma and degenerative disease. This will provide
the foundation for a brief discussion on techniques for the fixation of the craniovertebral
junction.

2. Anatomy

The biomechanical features of the CV] arise from the unique characteristics of the structures
that comprise this region. It is first important to examine the osteology, joints, ligamentous
structures, and blood supply that make up the CV]J.

2.1 Osteology

The osteology of the CV] consists of three unique bones: the occiput, atlas (C1), and axis
(C2). The occiput is the most inferior bone of the skull. The atlas and axis are the first and
second cervical vertebrae, respectively.

The occiput is a thin bone that contributes to the calvaria and base of the skull. Its posterior
surface is firmly attached to the parietal bones through the lamboid suture. Its lateral
surfaces are attached to the temporal bones through the occipitomastoid sutures. Anteriorly,
the occiput is attached to the sphenoid bone. On the posterior surface, a large, vertically
oriented protuberance projects outwards, which at its highest point is referred to as the
inion, which forms the attachment of the ligamentum nuchae. The occiput is especially
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190 Biomechanics in Applications

notable for a large, triangular shaped hole in its inferior surface known as the foramen
magnum, through which the brainstem and spinal cord connect at the cervicomedullary
junction. A pair of occipital condyles lie anterolateral to the foramen magnum, and
constitute the articulation points for the atlas. These articulation points are relatively flat,
which limits the axial rotation of the atlanto-occipital joint.
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Fig. 1. Sagittal view of the occiput, atlas, and axis.

The atlas is ring-shaped, and contains two upward projecting lateral masses. These lateral
masses articulate superiorly with the occipital condyles, forming the atlanto-occipital joint.
Inferiorly, they form the atlanto-axial joint by articulating with the superior articular process
of the axis. Through these two joints, they form a bridge between occiput and axis. The
lateral masses are connected to each other by an anterior and a posterior arch that form a
round outline to the spinal canal. The anterior arch is thinner than the posterior arch and is
remarkable for a smoothed articulation point that is opposed to the odontoid process of the
axis. In a small number of patients, the posterior arch may have a small cleft or rarely, it may
have partial or complete aplasia (Gehweiler et al., 1983). The atlas does not have a vertebral
body, as the embryological body becomes the odontoid process (dens) of the axis.
Consequently, no intervertebral disk exists between the atlas and the axis. Transverse
processes protrude horizontally from both sides of the atlas, and they extend more laterally
than the transverse processes of the other cervical vertebrae. The foramen transversaria
pierce these processes and create a channel through which the vertebral artery flows.

The axis is thicker and narrower than the atlas. On the anterior side, the vertebral body is
flanked by two lateral masses. The odontoid process protrudes upwards from the center of
the body to articulate with the posterior arch of the atlas, forming the key articulation point
for axial rotation of the cervical spine. The lateral masses articulate superiorly with the
inferior articular processes of the atlas. The vertebral arch defines the posterior borders of
the vertebrae, and encloses a triangular-shaped spinal canal. On the inferior surface of the
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vertebral arch, the inferior articular processes of the axis protrude downward and articulate
with the superior articular processes of C3. These are located posterior to the superior
articular processes of the axis, approximately equidistant from the anterior and posterior
portions of the bone. Small transverse processes protrude laterally from between the
articular processes and contain transverse foramen. The lamina and spinous process
constitute the remainder of the vertebral arch. The spinous process is often, but not always,
bifid (Martin et al., 2010).
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Fig. 2. Articulation between the atlas and the axis.

2.2 Joints

The CV] consists of two synovial joints: the atlanto-occipital joint and the atlanto-axial joint.
Each of these joints has unique anatomical and functional characteristics that contribute to
the complex motion of the CV].

The atlanto-occipital joint is formed from articulation between the occipital condyles and the
superior articular processes of the atlas. The articular processes of this joint are flat, which
limits axial rotation and stabilizes flexion and extension. Each articulation forms a synovial
joint surrounded by capsular ligaments.

The atlanto-axial joint has two distinct articulation points that act together to enable axial
rotation. The first is a set of lateral articulations that are formed between the inferior
articular processes of the atlas and the superior articular processes of the axis. The second
set of articulations is formed between the odontoid process of the axis and the anterior arch
of the atlas. The odontoid process functions as a pivot, and the lateral articulations permit
ample rotation. Unlike the relatively flattened articular surfaces of the atlanto-occipital joint,
the articular processes of the atlanto-axial joint are biconcave (Swartz et al., 2005). Loose and
thin capsular joint ligaments surround the articulations in the CV] complex, permitting a
wide range of motion (Debernardi et al., 2011).
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2.3 Ligamentous structures

Eight main ligaments support the CV]: the tectorial membrane, the alar ligament, the
cruciate ligament, the apical ligament, capsular joints, accessory atlantoaxial ligament, and
the anterior and posterior atlanto-occipital membranes (Debernardi et al., 2011).

The tectorial membrane is a longitudinal ligament that begins inferiorly as part of the
posterior longitudinal ligament of the vertebral column and extends upward to become
continuous with the cranial dura mater. It was initially thought that the tectorial membrane
functioned to limit extension of the CV]. However, more recent evidence suggests that the
tectorial membrane prevents anterior spinal cord compression by the odontoid process
(Tubbs et al., 2007).

The alar ligament is shaped like a flattened V and connects the anterior and superior portion
of the odontoid process to the lateral masses of the atlas and to the occiput. (Debernardi et
al., 2011). It functions to limit axial rotation of the atlanto-axial joint (Dvorak & Panjabi,
1987).

The cruciate ligament is a thick, cross-shaped ligament with vertical and transverse
components. The vertical component travels from the body of the axis to the clivus, while
the transverse component (also called the transverse atlantal ligament or transverse
ligament) extends from the medial side of the lateral masses of the axis and encloses the
articulation formed between the odontoid process and the anterior arch of the atlas. The
transverse portion of the cruciate ligament functions as an anatomical seatbelt, pulling the
odontoid process tight against its articulation surface on the atlas. The transverse ligament
also limits flexion of the CV] (Debernardi et al., 2011; Panjabi et al., 1991c).

The apical ligament runs between the vertical portion of the cruciate ligament and the
anterior atlanto-occipital membrane, connecting the anterior rim of the foramen magnum to
the tip of the odontoid process. Some studies suggest that it may be congenitally absent in
up to 20% of patients (Tubbs et al., 2000).

The capsular joints enclose the articulations between the occipital condyles and superior
articular processes of the atlas, and between the inferior articular processes of the atlas and
the superior articular processes of the axis. They also enclose the synovial fluid surrounding
the joint and function to limit axial rotation in both joints of the CV] (Debernardi et al.,
2011).

The accessory atlantoaxial ligament connects the body of the axis to the lateral masses of the
atlas and then continues cephalad to the occipital bone. In the past, this ligament was
thought to be part of the tectorial membrane. However, studies now show that the fibers of
these two ligaments are discontinuous (Tubbs et al., 2004). This ligament appears to check
the rotation of both CV] joints. However, its role in preventing hyperrotation is secondary to
the function of the alar ligaments (Brolin & Halldin, 2004; Debernardi et al., 2011).

The anterior and posterior atlanto-occipital membranes travel downward to connect the
anterior and posterior rims of the foramen magnum to the anterior and posterior arches of
the atlas. These ligaments, however, do not appear to be an important contributor to
biomechanical stability of the CV] (Debernardi et al., 2011).

2.4 Blood supply

Blood is principally supplied to the CV] through branches from the vertebral arteries. The
vertebral arteries arise from the subclavian arteries and travel superiorly through the
transverse foramen of the cervical spinal column. Upon leaving the transverse foramen of
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C2, the vertebral artery is only minimally protected by dorsal bony structures as compared
to when the artery runs through the subaxial spine. It also travels laterally to tunnel through
the more lateral transverse foramen of the atlas. Upon leaving the atlas, the vertebral artery
turns medially and pierces through the posterior ligaments and dura before ascending
through the foramen magnum. As these arteries approach the alar ligament, they
anastomose with the apical arcade that surrounds the odontoid process. Because the
odontoid process is attached to the body of the axis by a cartilaginous plate, no vascular
communication occurs between these portions of the axis (Menezes & Traynelis, 2008).

3. Normal biomechanics

The CV] plays an important role in the overall motion of the cervical spine, accounting for
25% of the flexion and extension and up to 50% of the axial rotation of the neck (Menezes &
Traynelis, 2008). Although the CV] consists of two distinct joints (atlanto-occipital and
atlanto-axial), it still functions as a single mobile unit, with the atlas acting like a washer
between the cervical spine and the occiput. Each of these joints, however, has unique
kinematic properties that contribute to the complex motion of the CV]J.
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Fig. 3. Plain films of the cervical spine in neutral, extension, and flexion positions.

3.1 Kinematics of the cervical spine

The kinematics of the cervical spine are well established. In one classic study, the range of
motion of 150 asymptomatic adults of both genders was determined using a three-
dimensional motion measuring device. Each subject was seated in a chair that immobilized
the subcervical spine and then subjected to five passive motions: flexion/extension, lateral
bending, axial rotation, axial rotation out of maximum flexion, and axial rotation out of
maximum extension (table 1). On average, women had a greater range of motion than men.
Overall, range of motion decreased with age. Evaluation of these motions is an important
component in the examination of patients with suspected cervical injury (Dvorak et al.,
1992).
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Age Flexion and Lateral Axial Rotation R(E::i:m
8 Extension Bending Rotation from Flexion X
Extension

20-29 | 152.7 | 1493 | 101.1 | 100.0 | 183.8 | 1824 | 755 | 72.6 | 161.8 | 171.5
30-39 | 141.1 | 1559 | 94.7 | 106.3 | 175.1 | 186.0 | 66.0 | 74.6 | 1584 | 165.8
40-49 | 131.1 | 139.8 | 83.7 | 88.2 | 1574 | 1682 | 71.5 | 85.2 | 146.2 | 153.9
50-59 | 136.3 | 126.9 | 88.3 76.1 | 166.2 | 1519 | 77.7 | 85.6 | 145.8 | 1324
> 60 116.3 | 133.2 | 74.2 79.6 | 1456 | 1542 | 794 | 81.3 | 130.9 | 1545

Table 1. Kinematic measurements of the cervical spine by gender and age (Reproduced from
Dvorak et al., 1992).

3.2 Biomechanics of the atlanto-occipital joint

Although the atlanto-occiptal joint contributes to flexion, extension, lateral bending, and
rotation, cadaveric studies indicate that its principle motion is flexion and extension. This
motion is primarily restricted by bony elements (Wolfla, 2006). Approximately 24.5 degrees of
motion is possible in flexion and extension, with the majority of motion in the direction of
extension (Panjabi et al., 1988). Flexion is ultimately restricted by contact between the odontoid
process and the occiput, while extension may be limited by the tectorial membrane. However,
some evidence suggests that the tectorial membrane is not involved in limiting extension, but
that it may act to reduce spinal cord compression by the odontoid process (Tubbs et al., 2007).
Rotation and lateral bending are both restricted by bony articulation points, tight alar
ligaments, and the capsular ligaments, causing them to account for 2.5-7.2 and 3.5-5.5
degrees of motion in a single direction, respectively (Debernardi et al., 2011; Goel et al., 1988;
Panjabi et al., 1988). In the horizontal plane, the instantaneous axis of rotation for the
atlanto-axial joint is located in the anteromedial foramen magnum (Iai et al., 1993).

3.3 Biomechanics of the atlanto-axial joint

The atlanto-axial joint also contributes to flexion, extension, lateral bending, and rotation.
However, its primary function has been demonstrated to be rotation. These motions are
primarily restricted by ligamentous elements (Wolfla, 2006). In a cadaver, axial rotation in
one direction can account for 23.3-38.9 degrees (Goel et al., 1988; Panjabi et al., 1988). Using
radiographic studies of live patients, one group confirmed a 38 degree motion, accounting
for 77% of the 49 degrees of axial rotation of the cervical spine. Rotation in C3-C7 accounted
for an additional 15 degrees, while a 4 degree negative rotation in the atlanto-occipital joint
accounted for the remainder of the motion. In other words, rotation of the atlanto-axial joint
is accompanied by a smaller rotation of the atlanto-occipital joint in the opposite direction.
The odontoid process acts as a pivot point for rotation, with the instantaneous axis of
rotation located at the center of this process (lai et al., 1993). The contralateral alar ligament
is pulled tight during rotation, limiting motion. Thus the right alar ligament limits rotation
to the left, and the left alar ligament limits rotation to the right (Dvorak & Panjabi, 1987).
Capsular joint ligaments also play an important role in limiting atlanto-axial rotation
(Debernardi et al.,, 2011). The accessory atlantoaxial ligament also functions to check
rotation. However, its contributions are of questionable significance in the presence of
functional alar ligaments (Brolin & Halldin, 2004).
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Flexion and extension of the atlanto-axial joint account for a total of 10.1-22.4 degrees of
motion, with both directions accounting for about the same range of mobility (Goel et al.,
1988; Panjabi et al., 1988). The transverse portion of the cruciate ligament holds the dens
tight against the anterior arch of the atlas and limits flexion of the C1-C2 joint. Extension is
limited by the bony articulation points, and possibly by the tectorial membrane. An in vivo
radiographic study demonstrated that the instantaneous axis for flexion and extension of the
atlanto-axial joint is on the posterior surface of the odontoid process, approximately halfway
between the base and the tip (Dvorak et al., 1991).

Lateral bending accounts for 6.7-11 degrees of motion in one direction (lai et al., 1993;
Panjabi et al., 1988). As in the atlanto-occipital joint, the alar ligaments, bony articulation
points, and capsular ligaments are responsible for maintaining lateral rigidity (Dvorak et al.,
1988).

4. Pathological destabilization

The biomechanical properties of the CV] can be disrupted by trauma, degenerative disease,
neoplasm, infection, iatrogenic injury, and congenital defects. In this chapter, we focus on
disruptions due to trauma, rheumatoid arthritis, and Down syndrome. .

4.1 Traumatic alterations in biomechanics

Trauma to the cervical spine typically occurs through high energy events such as falls,
sports injuries, motor vehicle crashes, and diving accidents. CV] instability should be
suspected if there is weakness in the arms, dislocation, subluxation, or any of the
radiographic findings listed in table 2 (White & Panjabi, 1990). Destabilization can occur due
to fractures of any of the bones and some of the supporting ligaments of the CV]J.

>8° Axial rotation C0-C1 to one side

>1 mm CO0-C1 translation (sagittal plane)

>7 mm Overhang C1-C2 (total right and left)

>45° Axial rotation C1-C2 to one side

>4 mm C1-C2 translation (sagittal plane)

<13 mm Posterior body C2-posterior ring of C1
Avulsed transverse ligament

Table 2. Criteria for CV] instability (Reproduced from White & Panjabi, 1990)

Although many occipital condyle fractures are asymptomatic, some have the potential to
cause major CV] destabilization. These fractures are classified as type I, type II, and type
II fractures. Type I fractures occur from comminution of the occipital condyle without
significant bone fragment displacement into the foramen magnum. Excessive axial
loading is believed to be the biomechanical cause of these injuries. In rare cases the alar
ligament may also be damaged to produce instability. However, a competent
contralateral alar ligament and tectorial membrane are generally more than sufficient to
maintain stability. Type II fractures occur when a linear fracture crosses over from the
base of the skull with extension to the occipital condyle. These fractures remain attached
to the base of the skull and are typically stable. Type III fractures occur from condylar
avulsion due to excess force form lateral bending or axial rotation (Karam & Traynelis,
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2010). The alar ligaments are often compromised in type III fracture, causing them to
generally be considered unstable, and the condylar fragments can be displaced into the
crowded foramen magnum, which can cause neurovascular injury (Anderson &
Montesano, 1988). Damage to the occipital condyle has been modelled in cadaveric
studies with progressive, unilateral condylectomies. Hypermobility was noted in all of
the motions of the atlanto-occipital joint (flexion, extension, axial rotation, and lateral
bending) with a fifty percent resection of the condyle. In the atlanto-axial joint,
hypermobility was achieved with 25% resection for flexion and extension, 75% resection
for axial rotation, and 100% resection for lateral bending. Taken together, these results
indicate that condylar injuries have great potential to disrupt the stability of the atlanto-
occipital joint (Vishteh et al., 1999).

Fractures of the atlas most commonly occur in the anterior or posterior arches. The Jefferson
fracture, first characterized by Geoffrey Jefferson in 1919, is a lesion of both arches that has
unique biomechanical significance (Jefferson, 1919). A classical Jefferson fracture is
characterized by two fractures in each of the vertebral arches, resulting in four distinct bone
fragments. However, significant variability exists, resulting in fractures with two to five
fragments. This fracture can occur as the result of hyperextension of the neck causing a blow
to the back of the head which transmits significant force to the CV]. Alternatively, strong
axial forces from an extraphysiological load —such as would occur in a dive into shallow
water —cause axial loading on the skull which translates force to the cervical spine through
the occipital condyles. This downward load causes the lateral masses of the atlas to spread
apart, introducing strain and potential fracture into the thin anterior and posterior arches
(Bozkus et al.,, 2001). In a cadaveric study of atlantal fractures, high-speed axial force
produced fragmentation in the classical pattern described by Jefferson. These cervical
segments also had significant destabilization, resulting in range of motion increases of 40%
in flexion and extension, and 20% in lateral bending (Panjabi et al., 1991b). The axial loading
that causes Jefferson fractures is also implicated in the genesis of transverse ligament
damage, and the identification of a coexisting ligament injury is of utmost clinical
importance. These two pathologies often coexist, causing significantly increased cervical
destabilization. The biomechanical changes associated with transverse ligament damage are
explained below.

The axis is susceptible to three categories of fractures: fractures of the odontoid process,
fractures of the pars interarticularis, and fractures of the axis body. Fractures of the odontoid
process and pars interarticularis are the most common, and have the largest effects on CV]
instability.

Fractures of the odontoid process are the most common traumatic lesion of the axis. These
are categorized by the location of the fracture, and occur near the tip of the odontoid process
(type I), at the junction between the body and the odontoid process (type II), or within the
body of the axis (type III). Of these, type II fractures are the most common and the most
unstable. One finite element model of type II odontoid fractures suggests that a combination
of lateral force and axial rotation are responsible for this fracture. Lateral force causes
displacement of the first two vertebrae and places the inferior articular process of the atlas
on the odontoid process. Axial rotation in turn puts tension on the alar ligament, placing
torque on the dens. These two forces together contribute to fracture and potential
displacement of bone into the spinal canal (Puttlitz et al., 2000).
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Damage to the pars interarticularis of the axis is referred to as Hangman’s fracture or
traumatic spondylolisthesis of the axis. The name Hangman’s fracture has its origins due
tothe similarities these axial fractures have to lesions reported in judicial hangings (Rayes et
al., 2011). Although once widely believed to contribute to death in many hangings, a study
of cervical vertebrae from 34 judicial hanging victims revealed only 6 axial fractures, of
which only 3 were Hangman’s fractures (James & Nasmyth-Jones, 1992). However, the
biomechanical mechanism of injury is clear. In a judicial hanging, the submental knot pulls
upward on the jaw, jerking the head backwards in relation to the neck. The more extensible
atlanto-occipital joint is not affected by this movement and the hanging body causes
distraction and extension of the subaxial spine. This causes the atlanto-axial joint to undergo
abrupt hyperextension, causing compression and fracture in the pars interarticularis. Today,
hangman’s fracture is most commonly seen in head-on collisions between automobiles.
When a car crashes, the head continues forward relative to the restrained body. This motion,
however, cannot explain the hangman'’s fracture. When modelled in primates, this form of
trauma resulted in antlanto-occipital dislocation, but never axial fracture. The more likely
explanation for the hangman’s fracture is rapid backwards deceleration of the head from
contact with the steering wheel or dashboard. This results in compressive hyperextension
that affects only the craniovertebral junction, causing the axis to fracture (Penning, 1995).

/Type I Fracture

Type II Fracture

Type III Fracture

Sulcus
for vertebral artery

C2

Fig. 4. Fractures of the odontoid process.
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Of all axial lesions, the biomechanics of surgically-induced transoral odontoidectomy may
be the best understood. This procedure is normally used to treat cervicomedullary
compression. In a study of cadaveric human spines, transoral odontoidectomy was found
to significantly increase translational motion from less than one millimeter in all
directions to 10.2, 6.7, and 2.0 millimeters in the anterior-posterior, lateral, and superior-
inferior directions, respectively. Surprisingly, axial rotation had no quantitative change.
However, lateral bending, flexion, and extension increased by 95%, 71%, and 104%,
respectively. Each of these changes was principally due to expansion of the neutral zone
(Dickman et al., 1995).

Damage to the transverse ligament can occur in isolation, but it usually accompanies
damage to other regions of the CV], especially fractures of the atlas. Likewise, associated
damage to the alar and apical ligaments is also common. The transverse ligament is
susceptible to midsubstance tearing, or it can be disrupted by avulsion from the lateral mass
of the atlas. In one study, axial loading was shown to cause damage to the transverse
ligament, both with and without fractures of the atlas (Panjabi et al., 1991b). Other reports
suggest that neck flexion can also cause transverse ligament disruption (Jackson et al., 2002).
This explains why head-on collisions are more likely to result in transverse ligament injury
than rear-end crashes (Debernardi et al., 2011). Experimental damage to the transverse
ligament produces biomechanical instability that is similar to iatrogenic odontoidectomy,
resulting in substantially increased translational motion, lateral bending, flexion, and
extension (Saldinger et al., 1990).

The alar ligament is most susceptible to injury in rear-end collisions. In this situation, a
sudden, unexpected collision of a slightly rotated head induces maximal rotation and
whiplash flexion. Since the limitation of axial rotation is the most important function of the
alar ligament, this pathological motion produces overstretch and potential rupture
(Saldinger, 1990). In cadaveric models, unilateral transection of the alar ligament produced a
small increase in axial rotation in the atlanto-axial joint. However, bilateral transection was
linked to significant increases in axial rotation, flexion, extension, and lateral bending
(Panjabi et al., 1991a).

4.2 Biomechanical implications of rheumatoid arthritis and down syndrome

In the absence of trauma or surgery, the craniovertebral junction tends to remain stable over
time. Some congenital conditions can cause CV] instability and some degenerative
conditions, such as osteoporosis, do make the CV] much more susceptible to fracture with
age. Two of the most significant disorders that contribute to CV] instability are rheumatoid
arthritis and Downs syndrome.

Severe rheumatoid arthritis can cause erosion of the bony components of the CV]. In
particular, these degenerative changes can affect the insertions of the transverse ligament
into the atlas, causing ligamentous laxity and atlanto-axial instability in 20-86% of patients
with rheumatoid arthritis (Krauss et al., 2010). These osteoarthropathies may contribute
further instability as they progress to include disruption of the alar ligament, the occipital
condyles and the odontoid process. This condition, known as basilar impression, is
hallmarked by translation of the odontoid process in the cranial direction and subluxation or
dislocation of the atlanto-occipital joint (Martin et al., 2010). Additionally, an odontoid
pannus often develops, which has the potential to compress the spinal cord (Krauss et al.,
2010). A recent study using computed tomography (CT) of patients with rheumatoid
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arthritis in the cervical spine reported instability in sagittal translation in a large percentage
of patients. In this study, 8 of 24 patients had occipital condyle deformity, while 15 of 24 had
lesions in one or more lateral masses of the axis. Damage to the condyles caused the atlanto-
occipital joint to undergo translation in the posterior direction during flexion. In contrast,
deformity in the lateral masses caused the atlanto-axial joint caused translation in the
anterior and inferior directions during flexion. These movements contribute to pathological
instability that should be considered when working with rheumatoid arthritis patients
(Takatori et al., 2010).

Down syndrome is a relatively common genetic disease which is associated with
craniocervical instability. Although the majority of these cases are asymptomatic,
radiographic screening is still recommended before competition in athletic events like the
Special Olympics. Instability can be due to abnormalities in either the atlanto-occipital or
atlanto-axial junction (Hankinson & Anderson, 2010). Two main hypotheses have been
proposed to explain the instability of the atlanto-axial joint. First, the occipital condyles and
the superior articular processes of the atlas remain flatter than in children without Down
syndrome. CT data clearly suggests that the flattened surfaces of these condyles become
more rounded as children age. In principle, this abnormal bone formation fails to restrict the
lateral and anterior motions of the atlanto-axial joint, resulting in instability (Browd et al.,
2006, 2008). The second theory suggests that ligamentous laxity is the principle cause of
instability in these patients. However, it is currently unknown which of these two theories
explains the majority of the effect. Instability of the atlanto-axial joint is generally due to a
loose articulation between the odontoid process and the anterior arch of the atlas. This
results in marked instability in rotation, flexion, and extension. The cause of this instability
is probably due to a combination of factors. These may include disconnection of the
odontoid process from the body of the axis (0s odontoideum) and ligamentous laxity due to
collagen defects and chronic inflammation. Proper management of these instabilities is
essential before these patients compete in contact sports or organized, strenuous events
(Hankinson & Anderson, 2010).

5. General biomechanical principles of fixation

The complex anatomy of the CV] introduces significant challenges to appropriate fixation.
Fortunately, many of the fractures of the cervical spine can be treated nonsurgically with
orthosis alone. However, multiple fractures, fracture displacement, instability and
neurological compression are all factors that can require surgical intervention. Although a
thorough treatment of CV] fixation is beyond the scope of this chapter, it is important that
certain principles of fixation be understood when considering proper surgical fixation of the
CVJ.

Fixation to the occiput is best accomplished through the use of screws and rods/plates. In
pull-out experiments, bicortical screws resisted 50% more force than unicortical screws or
wires. The most stable location for screw placements was within the midline keel of the
occiput (Haher et al, 1999). The thickness of the occipital protuberance decreases
significantly in the lateral and caudal bone. Therefore, screws placed at or just lateral to the
keel have the most pullout resistance. In one cadaveric study, constructs utilizing screws
placed in the lateral occiput were found to better resist lateral bending, while screws placed
more medially were better for resisting axial rotation. These considerations make the
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evaluation of individual patient characteristics vital in the selection of fixation technique
(Anderson et al., 2006; Steinmetz et al., 2010).

The atlas can be a challenging site for fixation, especially when it is disrupted by CV]
pathology. Although the lateral masses can accept sublaminar wiring, lateral mass screws
withstand greater pullout forces. Bicortical placement should also be utilized, as it also
appears to enhance pullout resistance (Steinmetz et al., 2010). However, caution should be
used when using bicortical screws, as the internal carotid artery can be at risk for
puncture in a subset of patients (Currier et al., 2008). Another successful approach has
been to place screws that penetrate both the posterior arch and the lateral mass (Tan et al.,
2003).

Fixation to the axis can be accomplished through sublaminar wiring, or through screws
placed in the pedicle or lamina. Alternatively, screws may be placed transarticularly,
allowing them to span both the atlas and the axis (Steinmetz et al., 2010).

Once a plan has been made to place screws, wires, rods or plates, constructs and
longitudinal members must be developed to stabilize the CV]. Since the atlanto-axial joint is
responsible for the axial rotation, stabilization of pathological rotation can be accomplished
by fixation of the atlas to the axis. This is best accomplished through transarticular screws
(Oda et al., 1999). A screw that goes through the lateral mass of the atlas and then through
the axis can also be effective, although this method has been shown to provide significantly
less stiffness (Finn et al., 2008). Although the principle motion of the atlanto-occipital joint is
flexion and extension, stabilization of this motion cannot be adequately prevented with
fixation of the occiput to the atlas. However, fixation of the occiput to the axis can produce
optimal stabilization of aberrant flexion and extension (Hurlbert et al., 1999; Steinmetz et al.,
2010).

6. Conclusions

The craniovertebral junction is an intricate structure with unique anatomy and complex
biomechanical characteristics. These characteristics allow for significant flexion, extension,
and axial rotation with remarkable stability under normal circumstances. However, trauma,
degenerative disease, and some congenital disorders can cause instability in this region. A
thorough understanding of the biomechanics of the CV] is necessary to design strategies to
stabilize the pathologies of the upper cervical spine.
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