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Abstract

Cervical spine injuries are a serious threat, as they may damage the central
nervous system. In the elderly, cervical fractures due to falls are very frequent.
The overall weakening of the bony and ligamentous spine decreases the re-
sistance to fractures. Fractures of the dens of the second cervical vertebra
(C2) are the most frequent individual fractures in the upper spine. Osteo-
porosis and impaired conditions play the main role in increasing the fracture
risk. Several mechanisms may induce dens fractures: hyper-extension, lateral
bending, shear, torsion, but the mechanisms of fractures have not been fully
understood.

Osteoporosis reduces overall bone strength. Cortical bone thinning occurs
in the vertebræ, and there is a general loss of bone mass. Trabecular micro-
architecture of bones loses integration, leading an increasing porosity. Me-
chanical properties worsen, and failure occurs more easily.

In this study the role of osteoporosis on the genesis of dens fractures was
investigated. An existing finite element (FE) model of the human spine was
employed to simulate the effect of parameters associated with osteoporosis on
the loading conditions of the dens. A baseline case was first simulated. Then,
cortical thickness, cortical and trabecular bulk modulus and shear modulus
were decreased in steps. Three impact scenarios were simulated: a lateral fall,
a backward fall, and a forward fall. Effects of osteoporotic variations on the
ligamentous spine deformations were studied. A mesh convergence analysis
was performed to assess the influence of mesh size on the stresses in vertebra
C2.

The effect of reduced cortical and trabecular bulk moduli alone on stress
distribution was not that apparent. In the dens, a reduced cortical thickness,
in lateral and backward fall, caused higher maximum stresses than in the
baseline. Conversely, in forward fall, reduced cortical thickness caused lower
stresses than in the baseline. The effect of reducing trabecular bulk and shear
moduli altogether was to decrease the stresses in dens trabecular bone. In lat-
eral and backward fall, by reducing cortical bulk and shear moduli altogether,
stresses in dens cortex decreased; whereas, in forward fall, stress decreased in
dens neck cortex, and increased in dens apex and waist.

It is concluded that cortical thinning, and reduced bulk and shear moduli of
bone compartments considerably alter the stress distribution in C2, as well
as the ligamentous spine response. The extent of such variations depends
also on the impact scenarios. Finally, stresses in the model were found to be
sensitive to the mesh size currently used in the human spine FE model.
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Sammanfattning

Halsryggsskador är ett allvarligt problem, eftersom de kan orsaka skador på
det central nervsystemet. Bland äldre är halskotfrakturer på grund av fall
väldigt frekventa. Med åldern kommer en generell försvagning av benen och
förändringar av ligamenten som leder till minskad motståndskraft mot fraktu-
rer. Densfrakturer av andra halskotan (C2) är den mest frekventa individuella
frakturen av övre ryggraden. Osteoporos och annan nedsättning spelar en stor
roll i den ökade frakturrisken. Flera mekanismer kan orsaka densfrakturer:
hyper-extension, lateral böjning, skjuvning, vridning, men fortfarande saknas
en full förståelse för frakturmekanismen.

Osteoporos reducerar benstyrkan. Förtunning av det kortikala benet uppkom-
mer i koterna, och en generell minskning av benmassan. Mikroarkitekturen
av det trabekulära benet förändras och leder till en ökad porositet. Mekaniska
egenskaper försämras, och frakturrisken ökar.

I denna studie har inverkan av osteoporos i densfrakturer undersökts. En
existerande finit element modell av den mänskliga ryggraden har använts
för att studera effekten på dens av olika parameter associerade med osteopo-
ros. En referenssimulering gjordes först som skulle representera en normal
halsrygg. Därefter reducerades den kortikala tjockleken, kortikala och tra-
bekulära bulk- och skjuvmodulen stegvis. Resultatet jämfördes sedan med
referenssimuleringen. Tre olika situationer simulerades: lateralt fall, fall bakåt
och fall framåt. En konvergensanalys gjordes också för att undersöka inverkan
av mesh-storleken på spänningarna i C2.

Effekten av en reduktion av bulkmodulen av kortikala och trabekulära benet
enbart var inte så uppenbar. En reduktion av den kortikala tjockleken i fall
lateralt eller bakåt skapade högre spänningar jämfört med referenssimule-
ringarna. Däremot, i fall framåt skapade samma parameter förändring en
minskning av spänningarna. Effekten av att reducera både bulk- och skjuv-
modulen för det trabekulära benet sänkte spänningarna i det trabekulära
benet. I fall lateralt och bakåt, en reduktion av både bulk- och skjuvmodulen
av det kortikala benet gav en sänkning av spänningar i det kortikala benet.
Fall framåt minskade spänningarna i det kortikala benet för halsen av dens
men ökade spänningarna för apex och midjan.

Studien visade att den kortikala förtunningen och reducerad bulk- och skjuv-
modul av benet förändrade spänningsfördelningen i C2. Storleken av föränd-
ringen berodde också på olyckssituation. Till sist, spänningarna visade sig
vara känslig mot mesh-storleken i FE modellen som användes i studien.
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Chapter1
Introduction

The spine has the primary function of protecting the spinal cord against
injuries. Besides, it allows the human body to accomplish a wide range of mo-
tions, and provides sites of attachment for many musculoskeletal structures.
The cervical spine is the most superior segment, and it gives support and
mobility to the head. Injuries at this level can have devastating consequences
for life. Lesions of the underlying central nervous system may cause loss of
balance, sensory deficit, acute pain, total or partial paralysis, if not death.

Elderly are particularly subject to sustain cervical spine injuries, with the
Second cervical vertebra (C2) being the most involved segment (Daffner et al.,
1998). Compared to younger population, old elderly tend to sustain upper
cervical spine injuries mainly due to simple falls (Lomoschitz et al., 2002),
and dens fractures were recognized as the most frequent individual fracture
(Malik et al., 2008).

Research evidenced the major role of osteoporosis and other age-related
degenerative pathologies in determining a progressive decay of the bone
strength in general, and a diminished resistance against fractures. It is still
less clear how to measure such bone strength (NIH Consensus Development
Panel, 2001), and predict the fracture risk, as methods and techniques are
object of a continuous development. Bone strength is related to various
parameters: Bone Mineral Density (BMD), morphology, micro-architecture,
and bone tissue composition. A deep understanding of all these factors may
help to predict the risk of fracture, and to develop optimal protective devices.

The Finite Element Method (FEM) is the technique of choice for fracture
risk prediction and the study of stress distribution in bone structures (Graham
et al., 2000; Puttlitz et al., 2000; Imai et al., 2006; Yuan et al., 2008; Mirzaei
et al., 2009; DeWit and Cronin, 2012). Increasing level of complexity is
needed when a more detailed understanding of the failure process is requested.
In general, a continuum formulation of the bone models is suitable, as it
represents a valid option to get insights into the biomechanics of fracture,
without requiring too much computational cost.
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Chapter2
Objectives

The aim of this thesis project is to assess the failure mechanisms in age-
related dens fracture when the mechanical parameters of the second cervical
vertebra, i.e. cortical and trabecular bone stiffness, and cortical thickness, in
normal and osteoporotic conditions are considered. This is achieved through
a combination of literature review on dens fracture, age-related osteoporosis,
and the use of a finite element model of the human spine. Furthermore, since
falls represent the major cause of dens fractures in the elderly, the model
response will be studied in three different falling modes. Finally, the effect
on the ligamentous spine deformation of the model parameters, and loading
conditions, is investigated.
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Chapter3
The Cervical Spine

The spine is the central axis of the body, consisting of 33 vertebræ, interver-
tebral discs and ligaments, connected together to form a flexible column
(Fig. 3.1). More precisely, human has seven cervical, twelve thoracic, five lum-
bar, five sacral and three to five coccygeal vertebræ; the latter are fused together
to form the coccyx. A series of curvatures affect the column profile, which
provide flexibility, and ensure equal load distribution over the spine.

Figure 3.1: Vertebral column, lateral view. Vertebræ of each region are grouped by
colours and marked as C: cervical, Th: thoracic, L: lumbar. Sacral vertebræ constitute
the Os sacrum, and coccygeal vertebræ are fused together in the Coccyx. (Reprinted
from Gray’s Anatomy, Public Domain)

5



6 CHAPTER 3. THE CERVICAL SPINE

Figure 3.2: The seven vertebræ of the cervical spine (blue and yellow), lateral view.
(BodyParts3D, licensed under CC Attribution-Share Alike 2.1 Japan, from Wikimedia
Commons)

The spine plays a role of uttermost importance in protecting the spinal
cord against injuries. Damage in the nervous system may lead to devastat-
ing consequences for life, including sensory loss, acute pain, paralysis, or
even death. The spine has also an important structural role, as it allows the
upright stance to the human body, sustains the head, and provides skeletal
attachments to the thoracic cage and limb girdles. The spine makes possible a
wide range of movements, especially at the neck level. Besides, it facilitates
the transfer of body weight and bending moments. Finally, the presence of
intervertebral discs in between vertebræ acts as a shock-absorber for the entire
structure and the head.

The cervical spine is the most superior part of the spine, and belongs to the
anatomical region of the neck. Given its wide range of possible movements, it
is also the most mobile part (MacKinnon and Morris, 2005). The cervical spine
comprises seven vertebræ, referred to as C1–C7, and presents a curvature
in the sagittal plane, which is convex anteriorly, named lordotic curve, which
becomes fully acquired once the baby is able to hold the head upright (Fig. 3.2).
Due to their peculiar characteristics, the first two cervical vertebræ, C1 and
C2, were assigned special names of atlas and axis, respectively. Also, the
seventh cervical vertebra is referred to as vertebra prominens for its particularly
prominent morphology.



3.1. THE CERVICAL VERTEBRA 7

Figure 3.3: Typical cervical vertebra, lateral view. (Reprinted from Gray’s Anatomy,
Public Domain)

3.1 The cervical vertebra

Generally, cervical vertebræ present some common features: a ventral (an-
terior) body or centrum, a dorsal (posterior) arch, an intervertebral foramen,
two pedicles, two laminæ, two transverse processes, a spinous process and two
superior and two inferior articular processes (Fig. 3.3). Vertebræ are composed
of trabecular bone, internally, and they are shielded by a cortical bone layer
of variable thickness. In between two vertebræ there is a cartilaginous inter-
vertebral disc, which mainly functions as a shock absorber. The vertebral body
(anterior element) is located anteriorly and it has a roughly cylindrical shape.
Its size progressively increases from the upper spine downwards, and its main
role is to support the body weight. The superior and inferior surfaces of the
vertebral body are called vertebral end plates, and are made of compact bone.
Posteriorly, the vertebral arch (posterior element) attaches to the body sides,
leaving an empty space in between, called vertebral foramen. The vertebral
arch is composed by the union of the pedicles, laminæ, spinous process, trans-
verse processes and superior and inferior articular processes. Pedicles are short,
thick and rounded dorsal projections from the lateral superior dorsal part of
the body. Laminæ are the natural continuations of pedicles. The transverse
processes ideally originate from the junction of the pedicle and lamina, and
they morphologically grow around the foramen transversarium, which allows
passage of the ascending and descending vertebral vessels. Transverse pro-
cesses serve as levers for muscles related to rotation and flexion of the spine.
The spinous process originates from the junction of the laminæ. It may vary
much in size, shape and direction of elongation. It mainly serves as a lever for
muscles of the vertebral column, to permit a wide range of movements.
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Figure 3.4: First cervical vertebra, also called atlas. (Reprinted from Gray’s Anatomy,
Public Domain)

3.1.1 C1, atlas

Atlas is the first cervical vertebra, and it is named after the Greek god who
carried the world on his shoulder, so as this vertebra supports the head.
It lacks both a spinous process and a centrum. The inner empty space is
occupied by a protuberance of the axis (the second vertebra), the odontoid
process, which is retained in its position by means of the transverse ligament
of atlas. Hence, atlas consists mainly of two lateral masses connected by a
short anterior and a longer posterior arches (Fig. 3.4). The lateral masses
are pierced by transverse foramina, for the passage of vertebral arteries. The
lateral masses develop into long lateral transverse processes, which serve as
levers for the musculature of the neck. On the lateral masses are found the
superior articular processes, which form, together with the occipital condyles
of the head, the atlantooccipital joint.

3.1.2 C2, axis

The most peculiar feature of axis is the presence of a tooth-like structure,
named odontoid process, or dens, which originates from the superior surface of
the vertebral body (Fig. 3.5). The apex of the dens is pointed, and is the site
of attachment of the apical ligament. On both its surfaces the dens presents
articular facets for the anterior arch, anteriorly, for the transverse ligament of
atlas, posteriorly, and for the alar ligaments, laterally. On the upper part of
the vertebral body, lateral to the dens, are the superior articular facets, which
articulate with atlas. The laminæ are very thick and the spinous process is
large and bifid. The transverse processes of axis are relatively small, and each
ends laterally in a single tubercle. Axis represents a real axle for the rotation
of the head, after which it is named.

In-depth analysis of C2 anatomy can be found in literature. Heggeness and
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(a)

(b)

Figure 3.5: Second cervical vertebra, or axis: (a) Superior view. Note the articular
facet for the transverse ligament of atlas. (b) Lateral view. Note the articular facet
for the anterior arch of atlas and the site of attachment of the alar ligament on the
odontoid process. (Reprinted from Gray’s Anatomy, Public Domain)



10 CHAPTER 3. THE CERVICAL SPINE

Doherty (1993) examined the heterogeneity within C2, providing a description
of the variability in cortical bone thickness and the internal trabecular bone
distribution. The anterior aspects of both C2 and the dens were found to have
a significantly thicker cortex than that of the lateral and posterior regions (up
to 110% variations). The thinnest region (mean 0.84 mm, SD 0.41 mm) was
found in the posterior aspect of the vertebral body, whereas the thickest region
(mean 1.77 mm, SD 0.54 mm) was the dens waist. From a biomechanical
viewpoint, the thick cortex of dens is an indication that the dens is largely
loaded in almost every directions: lateral bending, torsional, flexion, and
extension. The anterior aspect of the vertebral body was also found to be
thicker than the other regions: this may be likely due to high loads exerted
by the anterior longitudinal ligament to this region of the vertebral body.
Trabecular bone of C2 presents a rather high density through most vertebral
body, though an hypodense (having a lower density) area is often found
underneath the dens (Heggeness and Doherty, 1993). The latter is recognized
as the remnants of the intervertebral disc blastema inside the vertebral body of
C2, called Subdental synchondrosis (SDS) (Gebauer et al., 2006). SDS develops
in the early childhood, consisting of an oval-shaped region of reduced bone
mass. This poorly integrated trabecular network is thought to sensibly affect
the vertebral strength, and its resistance against fractures in this region.

3.1.3 C3–C6

C3-C6 are the ‘typical’ cervical vertebræ, in the way they are described above
(Fig. 3.3). Furthermore, they are characterized by a relatively small vertebral
body and a short bifid spinous process, which serves as attachment for the
ligamentum nuchæ.

3.1.4 C7, vertebra prominens

The seventh cervical vertebra has a long horizontal spinous process, which is
not bifid, and serves as attachment for the ligamentum nuchæ (Fig. 3.6). The
vertebra prominens is named after both the prominent posterior tubercle, which
originates from the transverse process, and the prominent tubercle at the end
of the spinous process. The anterior tubercle of transverse process, instead, is
not prominent.
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Figure 3.6: Seventh cervical vertebra, or ‘vertebra prominens’. Note the long spinous
process and the prominent transverse processes. (Reprinted from Gray’s Anatomy,
Public Domain)

3.2 Joints of the cervical spine

3.2.1 Joints of vertebral bodies

Apart from atlas, which lacks a vertebral body, the bodies of cervical ver-
tebræ are united by anterior and posterior longitudinal ligaments, and by
fibrocartilaginous intervertebral discs in structures named symphyses (Fig. 3.7).

Longitudinal ligaments The longitudinal ligaments run medially along
the anterior and posterior surfaces of the vertebral bodies, and they have
attachments for the intervertebral discs. The anterior longitudinal ligament is a
thick and strong fibrous band that runs from the sacrum, through the entire
spine, and attaches to both the anterior tubercle of atlas and to the base of the
occipital bone of cranium (Fig. 3.8). By tightly connecting the vertebral bodies
and intervertebral discs, this ligament stabilizes the joints and prevent hyper-
extension of the column. The posterior longitudinal ligament runs internally to
the vertebral foramen (or canal), and attaches to the body of axis (Fig. 3.9); from
here, it continues up to the anterior surface of the foramen magnum of occiput,
where it attaches to form the membrana tectoria. The posterior longitudinal
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Figure 3.7: Median sagittal section through the occipital bone and first three cervical
vertebræ. Anterior and posterior longitudinal ligaments are visible. Note the inter-
vertebral disc between the body of axis and the body of the third cervical vertebra.
(Reprinted from Gray’s Anatomy, Public Domain)

ligament is thinner thus weaker than the anterior, and prevents hyperflexion
of the column and possible protrusion of the intervertebral disc.

Intervertebral discs The intervertebral disc is found in between two adjacent
vertebral bodies (Fig. 3.7). It consists of an inner gelatinous mass termed
nucleus pulposus sorrounded by an outer laminated annulus fibrosus. The
nucleus pulposus is higly rich in water, while the annulus fibrosus consists
of concentric rings (laminæ) of fibrous cartilage. The two structures form
together an incompressible but deformable cushion between vertebræ, which
limit the extent of movements and acts as a very efficient shock-absorber.
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Figure 3.8: Anterior atlanto-occipital membrane and atlantoaxial ligament, anterior
view. The anterior longitudinal ligament attaches to the anterior tubercle of atlas and
to the base of the occipital bone. (Reprinted from Gray’s Anatomy, Public Domain)

3.2.2 Joints of vertebral arches

The articular processes (or facet) of the cervical vertebræ are connected by
synovial joints, to form zygapophyses. The laminæ of adjacent vertebræ are
connected from inside the vertebral canal by the thin and broad ligamenta
flava, which mainly consist of elastic fibers, and help to mantain the normal
curvature of the spine. The ligamentum nuchæ extends from the occiput to
the spine of C7, and it consists of a bilaminar fibroelastic intermuscular
septum. Since the cervical region lacks almost entirely two ligaments—the
supraspinous ligaments and the interspinous ligaments, found in other regions
of the spine—the ligamentum nuchæ creates an interconnection among the
spinous processes of the vertebræ in the cervical region up to the cranium.
Moreover, the ligamentum nuchæ serves as an attachment point for various
muscles. Intertransverse ligaments are also found in the cervical spine, which
connect adjacent transverse processes.

3.2.3 Craniovertebral joints

Horizontal and vertical scanning movements of the head are possible thanks
to the articulation at the base of the cranium, which include: the occipital
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Figure 3.9: Membrana tectoria, transverse, and alar ligaments, posterior view. Note
the cruciform ligament formed by the transverse ligament of atlas and the two vertical
portions. Membrana tectoria is divided and reflected in this illustration. (Reprinted
from Gray’s Anatomy, Public Domain)

condyles, atlas and axis. It also provides protection for the head and neck
structures.

Atlanto-axial joints Due to the lack of intervertebral disc between atlas and
axis, and due to the presence of the dens, specialized connections are formed
between atlas and axis, which are visible in Fig. 3.9. The lateral atlanto-axial
joints connect the superior articular facets of axis and the inferior articular
facets of atlas. The synovial median atlanto-axial joint is found between the
anterior articular facet of the dens of axis and the anterior arch of atlas. The
transverse ligament is a strong and broad band of collagen fibers, attaching to
the lateral masses of atlas, which holds the dens against the anterior arch of
atlas (Fig. 3.10). It also prevents possible damage to the spinal cord, deriving
from backward movements of the dens.

Another synovial joint is found between the posterior articular facet of the
dens and the anterior surface of the transverse ligament. Two longitudinal
bands, one superior and one inferior, vertically extend from the transverse
ligament to form the cruciform ligament (Fig. 3.9). The superior longitudinal
band is attached to the anterior margin of foramen magnum, and the inferior
longitudinal band is attached to the body of axis.
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Figure 3.10: Articulation between odontoid process and atlas, superior view. The
transverse ligament of atlas attaches to the lateral masses of atlas, and holds the dens
against the anterior arch of atlas. (Reprinted from Gray’s Anatomy, Public Domain)

Atlanto-occipital joints The suboccipital region is further stabilised by
the atlanto-occipital membranes (Fig. 3.9). Atlas articulates with occiput by
means of fibrous capsules, found between the superior articular facets of
the lateral masses of atlas and the occipital condyles. The anterior atlanto-
occipital membrane connects the anterior arch of atlas to the anterior margin
of foramen magnum, and the posterior atlanto-occipital membrane lies between
the posterior arch of atlas and the posterior border of the foramen magnum
(Fig. 3.11).

Ligaments connecting axis and occipital bone Membrana tectoria is a broad
and strong band, contributing in the stabilisation of the suboccipital region.
Being a natural continuation of the posterior longitudinal ligament, it extends
from the clivus of occipital bone to the posterior surface of the body of axis,
covering the dens, transverse, apical and alar ligaments (Fig. 3.9). The apical
ligament connects the anterior margins of the foramen magnum with the apex
of the dens. The alar ligaments are thick and strong bands tightly connecting
both sides of the odontoid process to the ipsilateral sides of the medial surfaces
of the occipital condyles, thus limiting the range of flexion and rotation of the
head.



16 CHAPTER 3. THE CERVICAL SPINE

Figure 3.11: Posterior atlanto-occipital membrane and atlanto-axial ligament, poste-
rior view. (Reprinted from Gray’s Anatomy, Public Domain)

3.3 Movements of the cervical spine

The cervical spine is the region that exhibits the widest ranges of motion
(MacKinnon and Morris, 2005). Essentially three classes of movements are
possible: flexion-extension, lateral flexion and rotation. Circumnduction also
occurs, which is a combination of the previous. Basing on the movement that
is performed, the muscles can be grouped in four classes: flexors, extensors,
lateral flexors, and rotators.

3.3.1 Flexion-extension

The nodding gesture is a movement associated with the atlanto-occipital joint.
The total extent of flexion-extension is approximately 64 deg. (40 deg. in
flexion and 24 deg. in extension), with a measured mean of 12 deg. at the sole
atlanto-axial joint (Nordin and Frankel, 2001). During flexion the anterior
longitudinal ligament relaxes as the anterior parts of intervertebral discs are
compressed. A certain co-contraction of the extensors is also required to
stabilize flexion, as in load-carrying tasks. Extension, conversely, involves
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the compression of the posterior part of the intervertebral discs, whereas the
range of extension is limited by the anterior longitudinal ligament.

3.3.2 Lateral flexion

Lateral flexion is produced by the scalene muscles. The cervical spine is the
region where this movement is most extensive: the total range of lateral
flexion accounts for approximately 49 deg. on each side (Nordin and Frankel,
2001). During lateral flexion the intervertebral discs are laterally compressed
and contralaterally tensed, and the range of motion is limited by tension of
muscles and ligaments.

3.3.3 Rotation

Rotation mainly occurs at the atlanto-axial joint, as the result of the activities
of the long sternomastoid muscle and the short muscles. At the sole atlanto-
axial joint a rotation of about 39 deg. to one side was recorded, while the total
range of cervical rotation amounts to approximately twice as much (Nordin
and Frankel, 2001). Rotation is limited mainly by the alar and atlanto-axial
ligaments.





Chapter4
Dens Fracture

In the cervical spine two main sections can be distinguished: the lower cer-
vical spine, which comprises vertebræ from C3–C7, and the upper cervical
spine, which consists of the occipital-atlanto-axial complex (occiput–C1–C2).
Injuries may occur in both sections, though the mechanisms of fracture are
often influenced by age. Young people are most likely to sustain cervical
fractures due to high-energy traumas, e.g. car accidents, whereas in the old
elderly there is a higher incidence of fractures in the upper segments, as a
consequence of low energy traumas, e.g. fall from seated, or from a height
(Lomoschitz et al., 2002; Brolin, 2002). In the elderly, the Second cervical
vertebra (C2) is the segment most affected during neck injuries, and dens
fracture represents the most frequent individual fracture (Malik et al., 2008).

During the last few decades, many research studies have been conducted
to understand the mechanisms by which the dens of C2 fractures. Besides
pure mechanical testing, some of them took advantage of FEM (Graham
et al., 2000; Puttlitz et al., 2000; Yuan et al., 2008) to assess the influence of
various external loading conditions on the genesis of dens fractures. In 4.1 the
classification of dens fractures is presented; in 4.2 an insight into the extent
of the problem is provided, with particular regard to dens fractures in the
elderly; in 4.3 an explanation of the injury mechanisms of dens fractures is
presented.

4.1 Classification

Dens fracture is the fracture of the odontoid process of C2. Today, there exist
two different approaches to classification of dens fractures. One classic way
was based on the location of the fracture line, as observed through radiographs
(Anderson and D’Alonzo, 1974). Recently, a new approach was proposed,
which based on the anatomy and biomechanics of the fracture.
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4.1.1 The Anderson and D’Alonzo’s approach

Anderson and D’Alonzo (1974) proposed three classes of fracture, basing on
the observation of the fracture line in radiographs: Type I, Type II and Type III
(Fig. 4.1). Type I fracture is characterized by an oblique fracture line and
occurs in the apex of the dens; Type II fracture occurs in the proximity of
the superior surface of the body of C2, at the level of the origin of the dens;
Type III fracture involve a broader portion of the body of C2, as the fracture
line extends from the origin of the dens into to the vertebral body.

Type I Type II Type III

Figure 4.1: Classification of dens fractures, according to Anderson and D’Alonzo
(1974). Three fracture types are defined, basing on the fracture line.

4.1.2 The anatomical approach

Advances in medical imaging in the last few decades brought significant
improvement in the observation and diagnosis of dens fractures. Thus, new
patterns of fracture emerged, which were not previously categorized. More-
over, it was also argued that fractures of the base of the odontoid, or even the
body of C2 (Anderson and D’Alonzo’s Type III fractures), should be classified
separately. That is the reason that led to a new classification (Korres et al.,
2007) based exclusively on anatomy and the biomechanical properties of the
odontoid process. The underlying concept at the base of this new classifica-
tion is that fractures of the odontoid result from mechanical failure due to
the application of forces. The diversity of the fracture type arises from the
direction of such forces, the consequent odontoid displacement, the internal
architecture of the bone, the proportion between cortical and trabecular, and
the overall health of the bone. According to this new paradigm, a new classifi-
cation was suggested. Type A fractures determine the avulsion of the apex
of the dens, due to the high rotational forces exerted by the alar and apical
ligaments in this area; Type B fractures occur at the neck of the odontoid,
below the insertion of the transverse ligament, and are caused by forces that
the latter applies in flexion, or forces applied during lateral bending; Type
C1 fractures are situated at the anatomical base of the odontoid, and may
arise from both flexion, extension, or lateral bending of the neck; Type C2
fractures may extend to the body of C2, depending on the extent of both the



4.2. EPIDEMIOLOGY 21

trabecular bone accumulation in this area and the direction of the applied
forces; Type D fractures gather all complex fractures of the dens, which may
not be categorized in any of the previous fracture types, and usually involve
multiple fracture levels.

4.2 Epidemiology

The incidence of C2 fractures is higher in elderly people who sustain cervical
spine injuries, than in the young population (Daffner et al., 1998; Goldberg
et al., 2001; Lomoschitz et al., 2002; Malik et al., 2008), and appears to be
independent of the injury mechanism. Daffner et al. (1998) showed that three
of four of all injuries at the cervical spine among over 65-year-old elderly
were due to fall accidents. Dens fractures accounted for about two third of
the total number of C2 fractures. A slight majority of Type II dens fractures is
seen, with respect to Type III fractures. Gender was not influential to cervical
spine injuries in elderly people; impaired physical conditions and osteopenia
(reduced bone mass) were recognized as the main causes of increased injury
rate in the elderly. In a study on blunt cervical spine trauma (Goldberg et al.,
2001) it was showed that C2 fractures accounted for about one fourth of the
total number of injuries, in an all-age survey. Fractures of the atlanto-axial
complex were seen in almost half the total number of fractures in the over
fifty-year-old people. Later two different studies (Lomoschitz et al., 2002;
Malik et al., 2008) consistently showed that about 40% of all the cervical
spine injuries occur at C2 in the population older than 65, and the incidence
of upper cervical spine injuries is higher in the old elderly (75 years and
older) than in the young (65–75 years old) elderly. Watanabe et al. (2010)
confirmed these findings by showing that old elderly were more prone to
sustain Type II dens fractures, as a result of fall-like accidents; conversely,
young elderly showed increased incidence in fractures of the body of C2
and superior resistance against low-energy traumas. Falls from standing
or seated height (low-energy traumas) are recognized as the most common
mechanism causing upper cervical spine injuries in the elderly population,
opposed to the motor vehicles-related injuries (high-energy traumas), which
are the most common in young people (Lomoschitz et al., 2002; Malik et al.,
2008; Watanabe et al., 2010).

4.3 Injury mechanisms

The upper cervical spine was found to be stronger in both flexion and exten-
sion than the lower cervical spine, in a study on male specimens (Nightingale
et al., 2007). However, this may appear to be contrasting with the higher inci-
dence of injuries in the upper cervical spine. But the active musculature of the
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cervical spine is more developed in the lower region than in the upper, thus
the lower cervical spine is better protected than the upper against traumas.

Dens fractures occur due to both hyper-extension and hyper-flexion of
the upper cervical spine. Dens fractures may also result from high tensile
loading of the dens. Indeed, a numerous series of ligaments—apical ligament,
alar ligaments, transverse ligament, anterior longitudinal ligament, tectorial
membrane—insert directly on the dens of C2, or close to its origin on the body
of C2. These ligaments constitute an important tensile load path between C2
and the skull, which may exert significant shear and tension at the dens of C2,
and particularly at the base of dens (Fig. 4.2). Type III fractures were found to
arise mostly in hyper-extension (Nightingale et al., 2002).

Figure 4.2: Section view of the upper cervical spine at rest (left), in flexion (middle),
and in extension (right). During flexion the occiput (O in the figure) and the anterior
arch of C1 compress, and tensile ligamentous forces are exerted on the dens; during
extension the posterior elements compress and tensile ligamentous forces are exerted
on the dens.

Doherty et al. (1993) found that most dens fractures arose from extension
moment imposed through the anterior articular surface of C2. Details of their
experiments are summarized in Table 4.1. Flexion moment was found not to
cause dens fractures, but a prior rupture of the transverse ligament.

Table 4.1: Mechanisms of fracture of the dens (Doherty et al., 1993)

Loading condition Result

Extension moment Type III fracture
Lateral bending moment Type II fracture

The dens has been shown (Heggeness and Doherty, 1993) to have a very
thick layer of cortical bone, compared to the rest of the vertebral body, as it
is exposed to very high torsional and lateral bending moments. Internally,
the dens presents a dense aggregate of trabeculæ, localised medially near
the apex. A major loading path was identified running from the superior
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articular facets to the inferior end plates of C2. A very low trabecular density
was observed in the region beneath the dens, inside the vertebral body of C2,
which may be due to the fact that dens is not supposed to bear significant
axial loads. However, this is the region where Type III dens fractures occur.

Lakshmanan et al. (2005) suggested an explanation to the high incidence
of Type II dens fractures in the elderly, based on CT evaluation of the fracture
patterns. Fractures resulted from a degeneration of the characteristics of
the upper cervical spine in the elderly population. A higher incidence of
degeneration of the atlanto-odontoid joint in patients with dens fractures was
observed, with respect to the non-injured population. From a biomechanical
point of view, degenerative changes in elderly people modify the mobility
of the cervical spine: although the lower cervical spine (C4–C7) is generally
the most mobile region, in the elderly people this region becomes stiffer than
the upper cervical spine (C1–C2), so that the latter is subject to increased
mobility. Consequently, C1 and C2 become more prone to fracture (Watanabe
et al., 2010). The degenerative changes in the atlanto-odontoid articulation
result in a hindered rotation of the atlanto-axial joint. In this conditions, even
low-energy traumas would produce extremely high stresses at the junction of
the dens with the body of C2, causing mostly Type II dens fracture.





Chapter5
The Finite Element Method

5.1 Numerical analysis

The Finite Element Method (FEM) is a numerical technique used in math-
ematics to find approximate solutions to boundary value problems. The
underlying concept is to use many simple element equations—defined over
as many simple equation subdomains—to approximate a more complex equa-
tion over a larger domain. With the advent of fast computers this technique
became extremely convenient to solve even complex physical and engineering
problems.

The best known field of use of the FEM is in its practical application, called
Finite Element Analysis (FEA). The underlying concept is the generation
of a finite element model (meshing) of the complex physical problem, the
assignment of material properties to the finite elements, and the numerical
solution of the complex problem.

A certain amount of prior knowledge about the problem is essential, in
order to obtain good FEA results. One should know, for example, whether
the physical system that is going to describe is subject to small or large
deformations, or whether the materials exhibit linear or non-linear behaviour
in the range of analysis. Moreover, it is essential to understand whether
inertia forces generated are negligible with respect to the applied loads, and
deformations are proportional to the loads—in which case a static formulation
may suffice—or the inertia forces are large as the loads, as in impacts or car
accidents—in which case a dynamic formulation is required.

5.2 Dynamic FE formulation

The dynamic formulation for the FEM is of interest for the purposes of this
thesis, therefore it will be described in detail. As a rule-of-thumb it is generally
considered switching to dynamic finite element formulation if the load rate
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exceeds 1
5 of the lowest eigen-frequency (natural oscillation frequency) of the

system (Kleiven et al., 2001). To simulate crashes, car accidents, or impacts a
transient analysis has to be performed. The equation of motion that governs
the physical system will be integrated numerically by a FE solver, such as
LS-DYNA, a program for non-linear dynamic analysis of structures in three
dimensions.

Considering a simple eight-noded three-dimensional element, the un-
known element displacements, U, may be defined as a function of the nodal
displacements, Û, by means of the shape functions: N:

U(x,y,z) = N(x,y,z)Û

where shape functions are the constitutive relations between every nodal
displacement in one element.

Defining with F the vector of external forces applied to one element nodes,
M the mass matrix of the structure, K the stiffness matrix, and C the damping
matrix, it is possible to write the equilibrium equation for that element:

MÜ + CU̇ + KU = F

where U̇ and Ü are the nodal velocities and accelerations of the element,
respectively. At this point direct numerical integration methods enter to
replace the time derivatives and calculate the unknown displacements. Two
main methods exist: explicit and implicit. The former permits the calculation
of the future step displacement on the base of the current and previous
steps displacement and time derivatives; the latter requires the knowledge
of the time derivatives of the future step in order to calculate the unknown
displacement. One main difference between the two methods is that explicit
method imposes a condition on the maximum time step in order to have
stable computations (i.e. ∆t ≤ 2/ωmax), where ωmax is the highest natural
frequency of the structure), whereas the implicit method has the advantage
to be unconditionally stable. However, one big drawback of the implicit
method is the higher computational cost, so that in general explicit method is
preferred to solve dynamic FE analyses. Implicit formulation, instead, is often
employed in static problems. Values of time-step commonly used in explicit
and implicit methods are 1E-6 s and 1E-3 s, respectively. When modelling
irregular shaped structures it is important to build a mesh made of equally
sized element, as this will contribute to reduce the computational time. Worth
to mention is the issue of hourglassing, an undesired effect—resulting in shape
deformation—of the FE codes that use one integration point computation. To
prevent that, an amount of hourglassing energy is required to counterbalance
the deformation of the elements. Finally, a few other practical aspects must
be considered: contacts need to be conveniently formulated according to the
case of study and the material properties of the parts in contact; mesh density
needs to be chosen with reason, according to the object dimensions, the level
of detail and the computational time required (Fig. 5.1).
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Figure 5.1: A two-dimensional finite element mesh. The mesh density is refined in
the zone of higher complexity, and coarser in the surrounding areas.

5.3 Some useful concepts for FEA

5.3.1 Isotropic and anisotropic materials

Isotropic materials exhibit the same mechanical response to loads in every
direction. Thus, the mechanical properties are the same, independently of
the direction in which they are measured. Anisotropic material, conversely
present different properties, depending on the direction of application of the
load. The latter is the case of almost all the biological tissues, where stiffness,
elasticity, or plasticity depend on the orientation and the arrangement of the
fibres. Bone, for example, is extremely anisotropic—sometimes it may be con-
sidered transversely isotropic, with two main directions—due to its particular
architecture, which follows and continuously adapts to the load paths. In
finite element models anisotropy may be well implemented, providing that
one has sufficient mechanical knowledge of the material to be described.

5.3.2 Homogeneous and inhomogeneous materials

Homogeneity is the characteristics of material that presents the same proper-
ties wherever they are measured, inside the material domain. Inhomogeneity
can be incorporated into finite element models by means of automatic tech-
niques which map the spatial distribution of material properties, and assign
them to the finite domains in the model. Bone can be modelled as an homo-
geneous or inhomogeneous material: in our case the former formulation is
preferred.

5.3.3 Viscoelastic constitutive model for bone

The constitutive models are the mathematical laws that describe the behaviour
of a material under loading. In mechanics, the constitutive law for a given
material is the relation between the applied load and the deformation sus-
tained by the material. This relation may be static or time-dependent, linear
or non-inear. In the specific case of bones, the particular micro-architecture
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presents zones of heterogeneous density, rod-like and plate like structures,
open cells, and fluid flow during loading considerably influences the mechan-
ical response.

Viscoelasticity Particularly appropriate to bone are the viscoelastic models,
as they account for deformation rate dependence, which is typical in bone
materials. Rate dependence means that the material reacts more rigidly in
presence of high rate loads, and less rigidly towards slow rate loads. This effect
may not be neglected especially in case of simulation of car accidents, or im-
pacts, as in our study. In LS-DYNA the “General Viscoelastic” Maxwell model
is provided (LSTC, 2007). The concept of stress relaxation is exemplified in
Fig. 5.2:

Figure 5.2: Stress relaxation characteristic in Maxwell viscoelastic model. σ is the
stress, ε0, the initial pure elastic deformation, E(t) the stress relaxation function of
time.

The rate effect is taken into account by solving numerically a convolution
integral of the form:

σij =
∫ t

0
gijkl(t − τ)

∂εkl
∂τ

(τ)dτ ,

where σij represent each material stress component; ∂εkl
∂τ(τ) are the material

strain rate components; gijkl(t−τ) are the relaxation functions for the different
stress components. In the viscoelastic material formulation provided by LS-
DYNA the relaxation functions can be expressed by up to six terms from the
Prony series

g(t) =
N∑
i=1

Gie
−βi t ,

in which Gi and βi are the shear relaxation moduli and shear decay constants,
respectively, relative to the ith term of the series.
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State-of-the-Art in

Osteoporosis Assessment

Bone is a complex tissue which has several important roles. One of them
is to support the whole body, bearing the loads exerted through the whole
structure. This capacity of bearing mechanical loads is commonly referred to
as bone strength. Bone strength is not directly measurable, but designates the
general resistance of bone against fractures. Bone strength might be thought
as the maximum load the bone can bear before to fracture. In this sense, it is
possible to define a factor of risk for bone fractures as the ratio between the
load applied to the bone and the load which produces a fracture:

factor of risk =
applied load
fracture load

In general, the bone will function normally as long as the applied load is
sustainable by the bone structure, otherwise the bone will fail and fractures
occur. The factor of risk may be largely affected by degenerative pathologies
of the bone, such as osteoporosis, that decreases overall bone strength. In
6.1 osteoporosis will be defined from a clinical viewpoint; in 6.2 the latest
techniques for measuring bone strength are reviewed; finally, in 6.3 a brief
discussion is provided about the role of osteoporosis in the specific case of
dens fracture.

6.1 Definition of osteoporosis

The NIH Consensus Statement on Osteoporosis Prevention, Diagnosis, and Ther-
apy (NIH Consensus Development Panel, 2001) held in 2000 provided the
definition of osteoporosis:

“Osteoporosis is a skeletal disorder characterized by compromised
bone strength predisposing to an increased risk of fracture.”
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However, the concept of bone strength needs to be clarified. Today, bone
strength is considered as the result of two major bone characteristics, Bone
Mineral Density (BMD) and bone quality. BMD is the weight of mineral
bone per area or volume. Bone quality, instead, involves micro-architecture,
turnover, damage accumulation and mineralization of bone. Evidently, bone
quality is a rather complex entity that needs further elucidation and specific
methods for its own measurement.

There exist several forms of osteoporosis: for example, type I osteoporosis
is most common among post-menopausal women (between 50–70 years of
age), and is caused by œstrogen deficiency. In the old elderly (over 70 years
of age), osteoporosis may also arise from natural bone deterioration, due to
the ageing process; in this latter case it is referred to as type II osteoporosis
(McNamara, 2010). According to Lane et al. (2003), osteoporosis affects 13–
18% of women and 3–6% of men in the United States. In the same study
was also found that half of osteoporosis-related fractures were vertebral
fractures. Furthermore, it is also estimated that about 40% of women over 50
years of age are subject to post-menopausal osteoporosis-induced fractures
McNamara (2010). Thereby, osteoporosis represents a major risk for fractures,
and effective preventive plans are needed to avoid its devastating effects on
life.

Diagnosis of osteoporosis is based on a measurement of BMD. A T-score is
defined as the number of standard deviations (SD) above or below the average
BMD value for young healthy white women” (WHO, 1994). According to
the World Health Organization (WHO), normality conditions correspond
to a T-score greater than −1. Osteoporosis is diagnosed when T-score is less
than or equal to −2.5, and is considered severe when fragility fractures are
already present. Osteopenia (low BMD) is diagnosed with a T-score between
−2.5 and −1. Issues on this approach were raised, as the site of measurements
and the technologies employed influence the predictions (NIH Consensus
Development Panel, 2001).

Moreover, assessment of risk factors should also be included in the di-
agnosis and treatment of osteoporosis—besides T-score—as in this way it is
possible to better predict the fracture risk and effectively formulate treatment
guidelines. Today, the clinical risk factors of osteoporosis include: female
sex, increased age, œstrogen deficiency, white race, low weight and body
mass index (BMI), family history of osteoporosis, smoking, and history of
prior fracture (NIH Consensus Development Panel, 2001). Worth to mention
is the new WHO fracture risk algorithm, which improves upon prediction
of fracture risk, and the cost-effectiveness of the osteoporosis treatment to
follow on a country base. This algorithm relies on a series of studies gathering
statistical data from US, Europe, Asia and Australia, in addition to the old
T-score method (Adler, 2010).
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6.2 How to assess bone strength

At the present time, there is no consensus on how to measure and predict
overall bone strength (NIH Consensus Development Panel, 2001). BMD is
the most commonly used estimator of osteoporosis, and Dual-energy X-ray
Absorptiometry (DXA) is the gold standard among all assessment techniques.
Thereby, BMD has frequently been used to estimate bone strength too. How-
ever, this lead to unsatisfactory results (Krø lner and Pors Nielsen, 1982), as
osteoporotic patients with spinal fractures could not be distinguished from
the age-matched normals by BMD measures only. Such findings proved that
BMD measures in osteoporosis condition could not provide alone an index
of overall bone strength. Bone strength, indeed, is the result of joined contri-
bution of bone mass, shape, microscopic distribution, tissue properties and
composition (Lane et al., 2003; McNamara, 2010), and all this factors should
be taken into account.

Early studies on osteoporotic bone involved mostly optical microscopy
and mechanical testing (Dickenson et al., 1981). Osteoporotic bone showed
increased area occupied by cavities, with respect to normal bone. As a result,
stiffness, strength and plastic energy absorbed before fracture were signifi-
cantly lower than those in normal bone.

There have been several attempts to mathematically formulate and char-
acterize bone strength. One very recent approach was the multilevel (or
multi-scale) modelling, which provides information on the physical scale at
which most changes originate (Hernandez and Keaveny, 2006). Differences in
bone strength were shown to exist in different regions of the human skeleton.
Changes in trabecular micro-architecture, as well as variations of material
properties, may contribute to explain the biomechanical outcomes of bone.

Goldstein et al. (1993) studied the mechanical properties of trabecular
bone, and found dependences on four factors: BMD, trabecular orientation,
trabecular connectivity, and properties of the extracellular matrix. In particu-
lar, by measuring bone volume fraction and anisotropy in a normal population,
they could explain up to 90% of the total variance in directional elastic moduli
variation in trabecular bone. However, the influence of osteoporosis could not
be assessed in this study, but it was stressed the importance of considering
anisotropy for prediction of bone mechanical properties and fracture risk.

In Ritzel et al. (1997), a series of cervical, thoracic and lumbar vertebræ
were examined through optical microscopy, and it was shown that osteoporo-
sis was accompanied by a reduction of the thickness of cortical bone through
the whole spine, in addition to a loss of trabecular structures. This cortical
bone reduction was more accentuated in the dorsal part of the vertebræ than
in the ventral part, whereas no differences in gender were shown.

Micro-damage formation was investigated by Green et al. (2011), in an ef-
fort to understand possible implications in the genesis of fractures. Trabecular
bone from pre-menopausal women was found to sustain higher stress/strain
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before fracture, compared to trabecular bone from post-menopausal women.
Moreover, the most severe micro-damages occurred in thinner, rod-like tra-
beculæ, being oriented so as the loading axis. Elderly trabecular bone pre-
sented a higher level of pre-existing damage, and was found to bear lower
stresses and strains than younger bone.

Mallard et al. (2013) studied the trabecular micro-architecture of vertebræ,
radius and calcaneus, with a texture analysis method based on X-ray images.
In normal conditions, bone was composed of large vertical plate-like trabeculæ
connected by horizontal rod-like trabeculæ. In osteoporosis there was a
progressive loss of horizontal rod-like trabeculæ. These findings could not
be shown with simple BMD measurements. Moreover, the authors showed
that BMD measures at radius were very well correlated with vertebral BMD.
This finding presented the possibility to indirectly assess vertebral strength,
on the basis of distal radius X-ray images.

Following the progress of osteoporosis quantitatively is of uttermost im-
portance to assess the effectiveness of a therapy in vivo. The use of Magnetic
Resonance Imaging (MRI) of calcaneus for the assessment of osteoporosis was
investigated by Herlidou et al. (2004). It was proved that this non-invasive
technique can provide relevant information on the status and evolution of
osteoporosis. Quantitative Computed Tomography (QCT) is another diffused
imaging technique that permit to accurately measure spatial distribution of
BMD, mostly at the hip or spine. FE models for osteoporosis monitoring were
also developed, basing on QCT images (Provatidis et al., 2009), to assess the
effects of a prescribed medication on the strength of a thoracic vertebra.

6.2.1 Bone strength assessment techniques

Mechanics of solids (MOS) Prediction of osteoporotic vertebral fractures in
vivo needs some level of detail, with particular regard to the material property
distribution and geometry of bone mass. For very simple loading conditions,
such as axial compression, it has been shown that simple mechanics of solids
(MOS) methods can be used, instead of the more sophisticated Finite Element
models (Buckley et al., 2007).

CT- and QCT-based FEA FE models of bone based on QCT have been
largely used during the last decades. The underlying concept is to extract
numerical representatives of bone distribution (density) throughout the bone
segment, to assign proper material properties to the correspondent finite
elements which constitute the model. Then the model is simulated under the
assigned loading conditions, and finally the results are presented as maps of
mechanical quantities (e.g. stress, strain) within the model. QCT-based FEA
has been shown to better predict bone strength in vitro than DXA-based BMD
measures Dall’Ara et al. (2012). A simpler variant than QCT-based FEM is
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CT-based FEM, which involves CT in the sole extraction of bone morphology,
and the material properties are assigned basing on assumptions.

Faulkner et al. (1991) developed patient-specific QCT-based finite element
models of fractured and non-fractured vertebræ, in an effort to assess the
role of bone mass distribution in vertebral strength. Material properties of
bone were assigned according to an empirical relationship (Carter and Hayes,
1977), which relates Young’s modulus (E) and Yield strength (Y ) to density
(ρ) and strain rate (dε/dt) of the applied load, as follows:

E = 3790ρ3
(

dε
dt

)0.06

,

Y = 68ρ2
(

dε
dt

)0.06

.

The results of the finite element analysis, under uni-axial compressive loading,
evidenced a significant difference in vertebral yield strength, between the
normal and osteoporotic populations. A greater influence of the cortical bone
shell to the whole vertebral strength under osteoporotic conditions was also
shown. In a later study Mizrahi et al. (1993) observed that a reduction in
trabecular bone strength (moduli) could considerably increase stresses in the
cortical bone shell of vertebræ, such as the end-plates. This fact, together with
the decreased cortical bone shell thickness in osteoporotic patients (Oleksik
et al., 2000), could explain the higher prevalence of vertebral fractures in
the osteoporotic population than in the osteopenic and normal. According
to Homminga et al. (2001), since the load on the trabecular compartment of
vertebræ does not vary between normal and osteoporotic subjects, the global
stress at this tissue level would be greater for osteoporotic than for normal
vertebræ, as the former suffer from a weaker structure. However, it is still
controversial which factor plays the major role in the pathogenesis of vertebral
fractures.

Also Polikeit et al. (2004) found a reduced stiffness in the osteoporotic tis-
sue of vertebral bodies, in their CT-based finite element model, accompanied
by broader regions of trabecular bone subjected to higher principal strains. In
their study, the material properties were assigned homogeneously to the whole
bone compartments. When modelling the osteoporotic trabecular bone as a
transversely isotropic material, differences with normal bone were even more
accentuated, with respect to when using isotropic material properties. These
findings also agreed with the observation of a loss of horizontal trabecular
element (Borah et al., 2001), that should increases the tissue anisotropy.

In a study by Crawford et al. (2003), osteoporotic and non-osteoporotic
populations were addressed to test the hypothesis that vertebral compressive
strength is better predicted by QCT-based finite element models, than by
BMD measures only. The hypothesis was verified by the high significance of
correlations.
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A QCT-based FEA was performed by Christiansen et al. (2011) to assess
the separate contributions of peripheral (cortical) and trabecular compart-
ments to vertebral bone strength. As a result, vertebral strength decreased
with increasing age for both gender. However, the effect was more accentuated
in women than in men, because women suffered larger degradation of both
trabecular and cortical bone. In men, the trabecular bone declined almost
exclusively.

Boccaccio et al. (2008) conducted a vertebral strength analysis of the tra-
becular bone of lumbar vertebral bodies, for predicting fracture risk. A Finite
Element model of the lumbar vertebra was generated on the basis of CT scan
images of an healthy subject. Cortical bone thickness, and material properties
of cortical and trabecular bone were assigned values taken from literature. In
particular linear-elastic homogeneous transversely isotropic material was cho-
sen for both cortical and trabecular bone. Cortical thickness was assigned the
value of 1 mm and 0.5 mm for the normal and osteoporotic sets, respectively.
Osteoporotic conditions were modelled by reducing the Young’s modulus
of cortical and trabecular bone by 33% and 66%, respectively, in the cranio-
caudal direction of the vertebral model. In the transverse directions, a Young’s
modulus ratio of one-third was assumed. Finally, a mathematical procedure,
which involved the Fabric-dependent fracture criterion (Pietruszczak et al.,
1999), was employed to assess patient-specific fracture risk in two old healthy
subjects and an osteoporotic subject. Failure in the trabecular bone was suc-
cesfully predicted in the osteoporotic subject under the flexo-extension and
lateral bending loading conditions, whereas no failure was observed under
normal loading conditions.

µCT-based FEA micro-Computed Tomography (µCT) is an advanced imag-
ing technique, capable of very high resolutions. It was employed in many
studies to directly observe and quantify the bone structure down to trabecular
level. However, the high radiation doses and the geometrical limitations of the
apparatus, it is only used for research purposes and mostly in studies in vitro.
Ulrich et al. (1998) conducted a comparative study to assess the influence of
mesh resolution on the results of the Finite Element analysis of trabecular
bone. µCT scans of three human bone specimens from various sites were
acquired in vitro at a resolution of 28 µm. Then, the resolution was artificially
coarsened up to 168 µm and FE models were generate. However, the results
of the FEA became poor, because the coarsened resolution caused artefacts
such as loss of trabecular connections and reduced thickness.

Homminga et al. (2004) suggested an explanation for the increased frac-
ture risk found in osteoporotic vertebræ. Thanks to the µFEA of trabecular
micro-architecture in vertebral bodies, they demonstrated that fractures arose
from loading conditions abnormal for extent and direction. Indeed, normal
loading conditions were not found to produce differences in number of highly
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loaded trabeculæ, between normal and osteoporotic specimens. Differences
resided in number of trabeculæ, their thickness and orientation. In particular,
osteoporotic bone reorganized its structure in thinner and longer trabeculæ
in the direction of the normal loading. This arrangement was thought to
compensate for the diminished bone mass in the osteoporotic bone.

The main drawback of µCT-based FEA is the high radiation dose required
for the image acquisition. This does not allow in vivo examination. Never-
theless, Müller and Rüegsegger (1995) demonstrated that high resolution
images could be obtained in vivo from distal bones, through High Resolution
peripheral Quantitative Computed Tomography (HR-pQCT). Distal bones
were suitable for non-invasively extraction of bone morphology, density, and
micro-architecture, without expose the patient to excessive radiation dose.
Furthermore, the authors applied an automatic algorithm to assign mate-
rial properties to the finite elements of bone, which were assumed isotropic
linear-elastic. However, the final results were not verified.

Multiscale FE Ilic et al. (2010) applied the concept of Multiscale Finite Ele-
ment to describe the mechanical properties of the trabecular bone. Multiscale
FE is a mathematical method that uses a Representative Volume Element
(RVE) to infer the effective material properties. This works under the hypoth-
esis that the RVE is much smaller than the simulated body. Trabecular bone is
known to consist of plate-like and rod-like trabecular structures that form
cells. Thus, a cubic RVE was modelled to configure an ideal trabecular cell,
which comprised both a solid (bone) and a fluid (marrow) phase. Material
properties to assign to the RVE were taken from literature. To what concerns
osteoporosis, the authors showed that both Young’s modulus and Shear modu-
lus decreased with increasing porosity, whereas Poisson’s ratio increased with
increasing porosity.

HR-MRI-based FEA Newitt et al. (2002) demonstrated the feasibility of an
in vivo high-resolution Magnetic Resonance Imaging-based µFEA of the distal
radius, to characterize the trabecular mechanical properties of bone. The
sample studied was composed by normal and osteopenic post-menopausal
women. BMD was higher in normal group than in osteopenic group; tra-
becular anisotropy was higher in osteopenic group, and all three directional
measures of Young’s modulus and Shear modulus were lower in the osteopenic
group than in the normal group.

Mesh-less techniques Techniques which do not make use of meshes to
mathematically describe the bone morphology have been implemented (Lee
et al., 2007). A mesh-less model of a 5 mm cube of human femoral neck
trabecular bone from an 85-year-old male was created. It comprised nodes
and material properties at each node. The main findings were that stiffness
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decreases monotonically with age, whereas fracture stress does not. Further-
more, when injury occurs under a certain applied stress, a greater applied
stress is required to worsen the situation, otherwise the same applied stress
cannot produce further damage.

6.3 The role of osteoporosis in dens fractures

Osteoporosis has been shown to have negative effects on the overall bone
strength. Oleksik et al. (2000) studied fractured vertebræ from osteoporotic
subjects, and found a reduced thickness in the cortical bone. As regards
the mechanical properties of the bone, osteoporosis translated into micro-
architectural changes of both the cortical and trabecular bone, that became
sensibly weaker and more prone to fracture. In the specific case of C2, litera-
ture provides very few examples about the influence of osteoporosis on overall
bone strength, and tendency to fracture. Amling et al. (1995) conducted a his-
tomorphometric study on normal and osteoporotic non-fractured C2 vertebræ.
The specimens were excised from cadavers. Osteoporotic subjects spanned
from 58 to 92 years of age, whereas normal subjects age ranged from 17 to 90
years. Significant variations in both intra-specimen and inter-specimen mea-
sures of the cortical thickness were observed. Furthermore, modifications in
the cancellous bone due to osteoporosis were more accentuated than changes
in the cortical bone. The most fragile region of C2, according to the results,
was found to be the base of the dens. A detail of the results regarding cortical
thickness is shown in Table 6.1.

Table 6.1: Variations in C2 cortical thickness (units: µm) (Amling et al., 1995)

Group Normal Osteoporotic

Body Base Dens Body Base Dens

Mean 341 270 801 311 258 735
Range 136–631 74–649 214–1123 116–562 88–630 199–978



Chapter7
Materials and Methods

7.1 FE model of the human spine

An existing 3-D finite element model of the human spine was the basis for
this study. The model comprises the following parts: the upper cervical spine,
the lower cervical spine, and the thoracic spine (Fig. 7.1). Rigid shoulders,
rigid skull, and an elastic torso were also included, as boundary structures.
The model has been developed at the Division of Neuronic Engineering of

Figure 7.1: The finite element model of the human spine developed at KTH. In the
posterior view (right) the muscular and ligamentous cervical spine are removed.

the School of Technology and Health of KTH. The model creation has taken
place in several steps (Brolin et al., 2005; Brolin and Halldin, 2004; Halldin
et al., 2000; Halldin, 2001), and validation was performed under physiologic
loading conditions. Computed tomography images from a 27-year-old male
were used to reconstruct the vertebral geometry, using an equal distribution

37
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of 1 mm in both the coronal and sagittal planes. The software used for the
image processing were NIH Image v1.95, Scion Image (Scion Corporation),
and MATLAB (The Mathworks Inc.), whereas, for the 3-D reconstruction,
TrueGrid (LSTC) and HyperMesh (Altair).

The whole model comprises seven cervical vertebræ (C1–C7), twelve tho-
racic vertebræ (T1–T12), five intervertebral discs in between the cervical
vertebræ, the ligamentous cervical spine, facets and cartilages, the skull
bones, clavicles, first rib, manubrium, scapulæ, humeri. The upper and lower
cervical spine were modelled in detail: cortical bone compartments were
modelled with four-noded shell elements, the trabecular compartments with
eight-noded solid elements. The occiput was modelled with rigid elements,
the transverse ligament and vertical cruciate with four-noded membrane ele-
ments, and all other cervical ligaments with spring elements. The muscles of
the neck were modelled using a discrete unidimensional formulation, and it
is allowed to enable their activation. However, in this study a simpler passive
formulation (springs and dampers) was preferred, without any activation.

The vertebral model of C2 is shown in Fig. 7.2. All the major structures of
C2 are represented: the dens, the spinous process, the superior and inferior
articular facets. The vertical resolution of the mesh spans between 1 and 4
mm.

Figure 7.2: The finite element model of C2: anterior (left) and posterior (right) views.
Note the different sections of cortical bone, and the ligaments. In the posterior view
the transverse ligament and the vertical cruciate were hidden to show the dens.

The model was validated both at segment motion level and as an entire
spine (Brolin et al., 2005). Experimental studies from the literature were taken
as a reference to validate the cervical spine FE model response. Validation
at each segment level was performed for: compression at 1000 N; extension
at 5 Nm with a preload of 72 N; flexion at 5 Nm with a preload of 50 N.
The referential experiments were made by Moroney et al. (1988). The upper
cervical spine (from occiput to C3) was further validated against extension at
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1 Nm, on the base of experiments by Panjabi et al. (1991a,b). Extension at 5
g was validated against experiments by Ivancic et al. (2005). The validation
process took place in two steps: after an initial validation process, a parameter
study was conducted to improve the behaviour of the model within non-
destructive load ranges.

7.1.1 Finite-element discretisation

In the present thesis the commercial FE solver LS-DYNA (LSTC, Livermore,
CA) version 971s R5.0 was used to solve all simulations. LS-DYNA is a
general purpose code based on explicit time integration, particularly suitable
for large deformation static and dynamic problems. Spatial discretisation is
provided by a variety of elements, such as two-noded beam elements, three-
and four-noded shell elements, four-noded tetrahedron and eight-noded solid
elements, truss elements, membrane elements, discrete elements and rigid
bodies. A very large number of material formulations are available, and
specific solutions are provided for automotive applications.

All simulations were performed on an AMD64 System platform, running
Linux 2.6.18. Pre- and post-processing phases were performed with the
software LS-Pre-Post (LSTC, Livermore, CA) version 3.2. The CPU time for
each simulation was around 1 hour.

7.2 Baseline cases

As shown in the literature review, falls represent a serious threat to elderly’s
health, given the high incidence observed in fall-related dens fractures (see
4.2). Since very limited knowledge exists about the loading paths of C2
in different falling scenes, three baseline cases were created and simulated.
They were a lateral impact model (which simulates a side fall), a backward
impact model (which simulates falling backwards), and a forward impact
model (which simulates a forward fall). In each scenario, a square board was
modelled, which represented the surface of impact with the head. Board
properties are reported in Table 7.1.

Table 7.1: Material properties of the impact board.

Part Density (kg/m3) Young’s modulus (MPa) Poisson’s ratio

Layers 660 13400 0.3
Foam 20 80 0.0

The body model was assigned a velocity of 5 m/s in the proper direction,
in order to have the head colliding with the board. In addition, the whole
body model was loaded statically through a constant acceleration equals to
the gravity acceleration, g = 9.81m/s2. The board model was a parallelepiped
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of solid elements, described as a crushable foam, covered by two external
layers of uniform elastic shell elements. The final model configurations for
the three falling scenarios are shown in Fig. 7.3.

7.2.1 Measurement of contact forces in C2

For each of three fall scenarios simulations, the contact forces exerted to the
dens of C2 were annotated. LS-PrePost was used to extract the time courses of
contact forces between the dens and the transverse ligament, and between the
dens and the anterior arch of C1. The observation of peak forces in different
loading cases was employed to better understand the loading paths through
the dens.

7.2.2 Material properties

Due to lack of a precise description of the internal micro-architecture of in
vertebra C2, anisotropy was neglected, in favour of a simpler isotropic mate-
rial formulation. Elements in the trabecular bone were assigned homogeneous
properties. The cortical layer of C2, instead, was subdivided in nine separate
sections, in order to account for the non-uniform cortical thickness found in
C2 (see 3.1.2). Values of thickness in different regions of the vertebra were
gathered from a study in the literature on the anatomy of C2 (Heggeness and
Doherty, 1993), and were adapted to the present model (see Table 7.2).

Table 7.2: Cortical thickness in vertebra C2: mean values, adapted from (Heggeness
and Doherty, 1993)

Description Cortical thickness (mm)

Dens
apex 1.140
anterior aspect 1.770
lateral aspects 1.080
posterior aspect 1.140

Body
anterior aspect 1.680
other regions 1.000

Superior articular facets 1.000
Inferior articular facets 1.000
Spinous process 0.840

Since the model is supposed to simulate fall accidents—thus impact
transients—the time-dependent effects of bone material cannot be neglected
(see 5.3.3). Therefore, both the cortical and the trabecular compartments
of C2 were described as viscoelastic materials. To this aim, the following
variables for each bone compartment were defined:
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Figure 7.3: Lateral, backward and forward impact scenarios. In each case the
direction of gravity is indicated, as well as the direction of inital velocity.



42 CHAPTER 7. MATERIALS AND METHODS

• ρ, Mass density

• K , Bulk modulus

• Gi , Shear relaxation modulus

• βi , Shear decay constant

Bulk modulus (K) permitted to define the material resistance against uniform
compression. It is defined as the ratio of the infinitesimal pressure increase to
the relative decrease of the volume, and it will be measured in Megapascal
(MPa). Gi and βi permitted to characterize the Prony series for the relaxation
functions of the viscoelastic constitutive model (see 5.3.3 for explanation).
Three pairs of Gi and βi were specified in our model. Mechanical properties
assigned to cortical and trabecular bone of C2 were adapted from previous
investigations, and are reported in Table
reftab:mat-prop. Note that each compartment presents shear relaxation mod-
uli for three terms. Due to some constraints with the rest of the model, a small
section of shell elements in the dens apex were assigned rigid material.

Table 7.3: Material properties of C2

Part ρ (kg/m3) K (MPa) Gi (MPa) βi (s-1)

Trab.bone 2000.0 277.8
123.0

60.0
25.0

1E-7
250
9.4

Cort.bone 30000.0 8333.3
3700.0

800.0
750.0

1E-7
250
9.4

Part ρ (kg/m3) E (MPa) ν

Dens apex 1000.0 15000.0 0.2

Density (ρ), Bulk modulus (K), Shear relaxation moduli (Gi), Shear decay constants
(βi) for the trabecular and cortical bone compartments of C2. Density (ρ), Young’s
modulus (E), Poisson’s ratio (ν) for the small set of shell elements in the dens apex.

7.3 Spatial description of C2

For the localization of maximum stresses within C2, four quadrants were
ideally defined, which originate around the longitudinal axis of the dens, so
that Q1 is the anterior right, Q2, the anterior left, Q3, the posterior left, and
Q4 the posterior right. The elements of the mesh helped defining the vertical
position, as it was mapped through 16 vertical levels (V1–V16). According to
Korres et al. (2007) four anatomical regions of the dens can be identified, as
shown in Fig. 7.4. The dens apex (V0–V2), the neutral zone, also called waist,
(V3–V4), the dens neck (V5–V8), and the base of dens (V9–V12).

In order to obtain detailed information on the localization of stresses in
the dens, six dens regions were identified in our FE model (Fig. 7.5): dens apex
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Figure 7.4: Representation of the regions of the dens: apex, neutral zone (also called
waist), neck, and base of dens.

anterior (DAA), dens apex posterior (DAP), dens waist anterior (DWA), dens
waist posterior (DWP), dens neck anterior (DNA), and dens neck posterior
(DNP).

Figure 7.5: Anatomical regions of the dens.

7.4 Parameter studies

The effects of osteoporotic conditions on FE-predicted stresses within cortical
and trabecular compartments of C2 were investigated. Cortical thickness
is known to decrease during osteoporosis (Amling et al., 1995), as well as
overall mechanical strength (chap. 6). Thereby, the parameters of choice
were the cortical thickness, bulk, and shear moduli of cortical and trabecular
bone of C2. Bulk moduli were first varied separately and then together with
shear moduli, in order to understand which parameter influenced most the
simulation outputs. Due to the lack of consistent data about the variations
of such parameters in the complete osteoporotic C2 vertebra, parameter
variations were decided according to the few studies found in the literature
review. Variations in cortical thickness covered approximately a range of
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two standard deviations below the mean values obtained from the literature
(Heggeness and Doherty, 1993) (see 7.2.2). The extent of variations in cortical
and trabecular moduli was chosen according to other studies (Polikeit et al.,
2004; Boccaccio et al., 2008). Altogether, thirty-six finite element analyses
were performed in which the material properties of C2 were varied, and
three impact scenarios were simulated. The complete set of simulations is
summarized in Appendix A.

7.4.1 Variations in material properties

The changes to the baseline case were made in steps, as follows:

1. cortical thickness (Cort.T) values of all cortical bone sections of C2 were
uniformly reduced first by 1

3 (case O1), then by 1
2 (case O2), and finally

by 2
3 (case O3) of the values in the baseline.

2. bulk modulus of all cortical bone sections of C2 (Cort.K) was uniformly
reduced first by 1

3 (case O1), then by 1
2 (case O2), and finally by 2

3 (case
O3) of the values in the baseline.

3. bulk modulus of the trabecular bone compartment of C2 (Trab.K) was
reduced first by 1

3 (case O1), then by 1
2 (case O2), and finally by 2

3 (case
O3) of the values in the baseline.

4. bulk and shear moduli of all cortical bone sections of C2 (Cort.KG) were
uniformly reduced to 1

3 (case O3) of the values in the baseline.

5. bulk and shear moduli of the trabecular bone compartment of C2
(Trab.KG) was reduced to 1

3 (case O3) of the values in the baseline.

Tables 7.4, 7.5, 7.6 summarize all the changes.

Table 7.4: Variation in cortical bone thickness.

Description Cort.T (mm)

Baseline O1 O2 O3

Dens
apex 1.140 0.760 0.570 0.380
anterior aspect 1.770 1.180 0.885 0.590
lateral aspects 1.080 0.720 0.540 0.360
posterior aspect 1.140 0.760 0.570 0.380

Body
anterior aspect 1.680 1.120 0.840 0.560
other regions 1.000 0.667 0.500 0.333

Superior articular facets 1.000 0.667 0.500 0.333
Inferior articular facets 1.000 0.667 0.500 0.333
Spinous process 0.840 0.560 0.420 0.280
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Table 7.5: Variation in bulk modulus only.

Case Trab.K (MPa) Cort.K (MPa)

N 277.8 8333.3
O1 185.2 5555.6
O2 138.9 4166.7
O3 92.6 2777.8

Table 7.6: Variation in bulk and shear moduli.

Model Parameter Cortical bone Trabecular bone

Baseline Cort.KG O3 Baseline Trab.KG O3

K (MPa) 8333.3 2777.8 277.8 92.6
G1 (MPa) 3700.0 1233.3 123.0 41.0
G2 (MPa) 800.0 266.7 60.0 20.0
G3 (MPa) 750.0 250.0 25.0 8.3

von Mises stress was chosen as the simulation output parameter in all
analyses performed in this study. Peak values, time of maxima, and location
were reported. Maxima were searched in a limited time window around the
time of peak stress observed in the baseline case for each specific falling mode.
Stress distributions in each case were also reproduced graphically. Peak von
Mises stresses in all elements of the six regions of the dens (see Fig. 7.5) were
mapped by means of box-plots.

A statistical analysis was performed to assess the stress distribution in
each region of the dens, when the parameters were changed. To this aim, three
osteoporotic cases were considered: Cort.T O1, Cort.KG O3, and Trab.KG
O3. Six families of maximum stresses, grouped by regions, were submitted
to one-tailed Student’s t-tests about the null hypothesis of being sets of in-
dependent random samples from the same normal distribution, against the
alternative hypothesis that osteoporotic case families had higher or lower
means (maximum stress) than normal case’s ones. Variances were assumed
not equal.

7.5 Mesh convergence analysis

A convergence analysis was performed to assess the sensitivity of the max-
imum stresses predicted in the simulation to the mesh density of C2. The
isolated C2 model was constrained at the lower base of vertebral body, and a
200 N force was applied gradually in postero-anterior direction to the dens
apex. Each simulation was stopped at 60 ms, since stresses at this time had
reached a steady-state value. Two refinement steps were actuated to both
cortical bone and trabecular bone, consisting in splitting all shell elements in
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four sub-elements, and all solid elements in eight sub-elements, preserving
original shape and nodes. As a consequence of each refinement step, the
element lengths of all elements halved. Mesh sizes, as well as minimum and
maximum element length, in each simulation are shown in Table 7.7.

Table 7.7: Mesh sizes used in mesh convergence analysis

refining step #nodes #elements element length (mm)

solid shell min max

M0 953 624 592 0.68 8.29
M1 6234 4992 2776 0.34 4.15
M2 44756 39936 9472 0.17 2.07

Maximum von Mises stresses were recorded at the last time point of the
stress curves. The three simulations took in the order: M0, 11 minutes 28
seconds; M1, 2 hours 47 minutes 36 seconds; M2, 53 hours 6 minutes 38
seconds of total CPU time on an AMD64 System.

7.6 Effects on ligaments deformations

The effect of three osteoporotic cases on the ligamentous spine deformations,
relative to the baseline case (N), was analysed in every falling scenarios. The
investigated osteoporotic cases were Cort.T O3, Cort.KG O3, and Trab.KG
O3. Failure stretch levels were obtained from the literature (Myklebust et al.,
1988; Yoganandan et al., 2000) in a previous investigation, and are shown in
Fig.7.6. These failure points were then put as reference values to calculate the
Normalized ligament deformation, as follows:

Normalized ligament deformation =
Computed ligament deformation

Injury threshold

where the Computed ligament deformation is the deformation calculated by the
FE simulation, and the Injury threshold is the failure point for that ligament.
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Figure 7.6: Failure stretches of the ligaments modelled in the FE model of the
spine. Alar ligaments, Vertical Cruciate (VC), Anterior Longitudinal Ligament (ALL),
Tectorial Membrane (TM), Posterior Longitudinal Ligament (PLL), Posterior Atlanto-
Occipital Membrane (PAOM), Interspinous Ligament (ISL), Ligamentum Flavum
(LF), Capsular Ligament CL





Chapter8
Results

8.1 Model kinematics

The displacements of the baseline models in each impact scenario are shown
in Fig. 8.1. The time of impact is 2.5 ms in every case. For the aim of the
present analysis, the first 40 ms were observed in each simulation. After that
time, the lack of muscle activation caused our model to considerably exceed
the physiological ranges of motion (see 3.3), in all impact modes. No sensible
differences in the kinematics were observed in the osteoporotic cases, with
respect to the baseline.

Lateral fall In the lateral fall simulation, right after the impact the cervi-
cal spine sustains a mixed motion: the lower cervical spine (C3–C7) bends
laterally to the right, whereas the upper cervical spine (occiput–C1–C2) has
a moderate degree of extension, plus a contralateral bending (to the left).
Around 20 ms the upper cervical spine inverts its bending velocity, and starts
bending to the right, following the rest of the cervical spine.

Backward fall In the backward fall simulation, the impact exerted posteri-
orly to the head causes the cervical spine to immediately extend, so that all
vertebræ sustain longitudinal tension. Since the head is halted by the board,
the upper cervical spine has an initial extension, whereas the cervical spine as
a whole is subject to flexion. However, after the initial phase also the upper
cervical spine follows the lower cervical spine, flexing.

Forward impact In the forward fall simulation, the upper cervical spine
sustain an initial phase of flexion, whereas the lower cervical spine extends.
Around 15 ms the upper segments invert their motion sense and begin to
extend, following the motion of the rest of the cervical spine.

49
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0 ms
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Figure 8.1: Displacements of the human spine FE model in the lateral (left), back-
ward (centre), and forward (right) impact scenarios.
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8.2 Contact forces and peak stresses

Table 8.2 reports the peak contact forces exerted to the dens through the
transverse ligament and the anterior arch of C1. Magnitudes of the forces are
purely indicative, and should serve mostly to make comparisons between the
different falling scenarios.

Table 8.1: Peak contact forces in the dens of C2

Fall mode w/ transverse ligament w/ anterior arch of C1

t (ms) Direction Mag. (N) t (ms) Direction Mag. (N)

Lateral 8 P-A 65 13 AR-PL 100
Backward 7 P-A 251 11 A-P 56
Forward 36 P-A 14 37 A-P 420

Table 8.2: Time, direction, and magnitude of peak forces. P-A: postero-anterior, A-P:
antero-posterior, AR-PL: anterior right-posterior left.

Lateral fall In the lateral impact, the dens of C2 is subject to lateral bending
to the right side. At 8 ms there is a peak force due to the contact of the dens
with the transverse ligament. At 11 ms the anterior arch of C1 comes in
contact with the dens, and continues exerting force to the anterior aspect of
the dens from that time on. At 13 ms the dens is hit shortly by the anterior
arch of C1. Two major peak von Mises stress areas are found: at 8 ms the most
loaded region is in the middle of the left superior articular facet of C2, and at
13.5 ms the peak stress shifts to the extremity of the left superior articular
facet.

Backward fall In the backward impact, the dens of C2 is subject to a very
high contact force with the transverse ligament at 7 ms. This force acts on the
posterior aspect of the dens and pushes it in postero-anterior direction. At
11 ms, as a bouncing effect, the dens hits the anterior arch of C1. Two peak
stress areas are found at 6.5 ms and 15 ms in the posterior aspect of the neck
of the dens.

Forward fall The dens of C2 sustain a high stroke from the anterior arch of
C1 in the antero-posterior direction at 7 ms. The stress distribution is quite
symmetrical in the two ideal halves of C2, with peak stresses found at 10
ms and 25 ms in the posterior aspect of the body of C2, below the superior
articular facets, and in the lateral aspect of the vertebral body. At 10 ms also
a peak stress area is found on the right superior articular facet, close to the
dens origin.
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8.3 Stress distribution

8.3.1 Cortical bone

Maximum von Mises stresses in the dens, time and location of maxima, in
all simulated cases are reported in Table 8.3. Graphical representation of
von Mises stresses in C2 cortex are shown in Fig. 8.2 (Cort.KG, Trab.KG), and
Fig. 8.3 (Cort.T). Parameters Cort.K and Trab.K produced only minor effect
on stress distributions, and were not represented graphically.

Table 8.3: Maximum von Mises stresses in the dens cortex.

Lateral fall Backward fall Forward fall

Case tmax
(ms)

location σmax
(MPa)

tmax
(ms)

location σmax
(MPa)

tmax
(ms)

location σmax
(MPa)

Baseline 6.0 Q3,V6 67.2 15.0 Q4,V7 58.1 10.0 Q1,V8 78.9

Cort.T
O1 6.0 Q3,V6 78.4 14.0 Q4,V7 76.5 10.0 Q1,V8 78.7
O2 5.5 Q3,V6 77.0 14.0 Q4,V7 89.4 10.0 Q2,V8 86.3
O3 13.5 Q3,V6 96.5 14.0 Q4,V7 108 10.0 Q2,V8 100.0

Cort.K
O1 7.0 Q1,V8 71.2 15.5 Q4,V7 56.4 10.0 Q1,V8 82.0
O2 6.0 Q3,V6 63.3 15.0 Q4,V7 55.5 6.5 Q3,V8 78.0
O3 5.5 Q3,V6 61.4 6.5 Q4,V7 55.5 6.5 Q4,V8 62.5

Trab.K
O1 6.0 Q3,V6 67.6 6.5 Q4,V7 57.8 10.0 Q1,V8 83.8
O2 6.0 Q3,V6 68.1 6.5 Q3,V7 58.8 10.0 Q1,V8 83.4
O3 6.0 Q3,V6 68.8 6.5 Q3,V7 60.6 10.0 Q1,V8 86.2

Cort.KG
O3 6.0 Q1,V6 47.9 7.0 Q4,V7 42.9 5.5 Q2,V8 47.4

Trab.KG
O3 6.0 Q3,V6 80.2 15.0 Q4,V7 71.1 10.0 Q1,V8 98.8

Fall scenario Baseline Trab.KG O3 Cort.KG O3

Lateral
t = 6 ms

Backward
t = 15 ms

Frontal
t = 10 ms

Figure 8.2: Comparison of FE-predicted von Mises stress distributions in C2 cortex,
under decreased bulk and shear moduli.
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Lateral fall 
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Backward 
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Figure 8.3: Comparison of FE-predicted von Mises stress distributions in cortical bone of C2, under decreased cortical thickness (Cort.T
O1–O3) relative to the baseline, in three fall scenarios.
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Table 8.4 reports the outcomes of the t-tests performed to assess whether
changes in input parameters affected the output variables (maximum von
Mises element stress), and in what manner. Detailed stress distributions in all
dens cortex regions were shown by means of box-plots (Fig. 8.4), grouped by
osteoporotic cases. Regions of the dens are those defined in sec. 7.3 (Fig. 7.5).
The results of statistical tests in the cases of reduced cortical (Cort.K) and
trabecular (Trab.K) bulk modulus showed no apparent effect on stress distri-
butions, as proved by the many non-significant outcomes with those cases.

Table 8.4: Effects of osteoporotic conditions on peak stress in the dens cortex.

Regions Lateral fall Backward fall Forward fall

Cort.KG Cort.T Trab.KG Cort.KG Cort.T Trab.KG Cort.KG Cort.T Trab.KG
O3 O1 O3 O3 O1 O3 O3 O1 O3

DAA ⇓ ⇓ ⇑ ⇑ ⇓ ⇑
DAP ⇑ ⇓ ⇑ ⇑
DNA ⇓ ⇑ ⇓ ⇑ ⇑ ⇓
DNP ⇓ ⇓ ⇑ ⇓
DWA ⇓ ⇑ ⇑ ⇓ ⇑
DWP ⇓ ⇑ ⇑ ⇓ ⇑ ⇑ ⇑ ⇓ ⇑

Regions Lateral fall Backward fall Forward fall

Cort.K
O3

Trab.K
O3

Cort.K
O3

Trab.K
O3

Cort.K
O3

Trab.K
O3

DAA ⇓ ⇓ ⇓
DAP
DNA
DNP
DWA
DWP

Results of the one-tailed t-tests of the null hypothesis of randomness, on the peak
stress families of dens regions in three osteoporotic cases. Non-significant tests were
left blank. ⇑ means an increased stress, ⇓ means a decreased stress. Regions of
the dens: dens apex anterior (DAA), dens apex posterior (DAP), dens neck anterior
(DNA), dens neck posterior (DNP), dens waist anterior (DWA), dens waist posterior
(DWP)
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Lateral fall

Backward fall

Forward fall

Figure 8.4: Comparison of stress distributions in the cortical bone of the dens in the baseline (N), reduced cortical
thickness case (cortT_O1 in the figure), reduced cortical bone modulus case (cortKG in the figure), and reduced trabec-
ular bone modulus case (trabKG in the figure), in lateral, backward, and forward falls. Each graph is for a region of the
dens cortex: dens apex anterior (CDAA), dens apex posterior (CDAP), dens neck anterior (CDNA), dens neck posterior
(CDNP), dens waist anterior (CDWA), dens waist posterior (CDWP). In ordinata, the maximum von Mises stresses.
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8.3.2 Trabecular bone

Maximum von Mises stresses in the dens trabecular bone, time and location
of maxima, in all simulated cases are reported in Table 8.5. Graphical repre-
sentation of von Mises stress distributions in the trabecular bone of C2 are
shown in Fig. 8.5 (Cort.KG, Trab.KG), and Fig. 8.6 (Cort.T). Parameters Cort.K
and Trab.K produced only minor effect on stress distributions, and were not
represented graphically.

Table 8.5: Maximum von Mises stresses in the dens trabecular bone.

Lateral fall Backward fall Forward fall

Case tmax
(ms)

location σmax
(MPa)

tmax
(ms)

location σmax
(MPa)

tmax
(ms)

location σmax
(MPa)

Baseline 7.5 Q3,V8 5.2 15.5 Q4,V7 2.0 10.0 Q1,V8 6.4

Cort.T
O1 7.5 Q3,V8 6.5 14.0 Q4,V7 2.9 10.0 Q1,V8 8.0
O2 7.5 Q3,V8 5.7 14.0 Q4,V7 3.4 9.0 Q2,V8 8.7
O3 11.0 Q3,V8 6.4 14.0 Q4,V7 4.0 9.0 Q2,V8 9.8

Cort.K
O1 7.5 Q3,V8 5.5 15.0 Q4,V7 2.1 10.0 Q1,V8 6.7
O2 7.5 Q3,V8 6.1 15.0 Q4,V7 2.1 6.5 Q2,V8 4.3
O3 7.5 Q3,V8 6.1 15.0 Q4,V7 2.2 9.5 Q2,V8 4.7

Trab.K
O1 7.5 Q3,V8 5.2 14.0 Q4,V7 2.1 10.0 Q1,V8 6.6
O2 7.5 Q3,V8 5.3 14.0 Q4,V7 2.1 10.0 Q1,V8 6.5
O3 7.5 Q3,V8 5.4 14.0 Q4,V7 2.1 10.0 Q1,V8 6.6

Cort.KG
O3 6.0 Q2,V8 7.4 7.0 Q3,V5 3.4 6.5 Q4,V8 5.3

Trab.KG
O3 6.0 Q2,V8 2.2 14.5 Q4,V7 1.1 10.0 Q1,V8 3.0

Fall scenario Baseline Trab.KG O3 Cort.KG O3

Lateral
t = 6 ms

Backward
t = 15 ms

Frontal
t = 10 ms

Figure 8.5: Comparison of FE-predicted von Mises stress distributions in trabecular
bone of C2, under decreased bulk and shear moduli.
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Figure 8.6: Comparison of FE-predicted von Mises stress distributions in trabecular bone of C2, under decreased cortical thickness
(Cort.T O1–O3) relative to the baseline, in three fall scenarios.
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Table 8.6 reports the outcomes of the t-tests performed to assess whether
changes in input parameters affected the output variables (maximum von
Mises element stress), and in what manner. Detailed stress distributions in all
dens cortex regions were shown by means of box-plots (Fig. 8.7), grouped by
osteoporotic cases. Regions of the dens are those defined in sec. 7.3 (Fig. 7.5).
The results of statistical tests in the cases of reduced cortical (Cort.K) and
trabecular (Trab.K) bulk modulus showed minor changes due to variation in
these parameters, compared to the other.

Table 8.6: Effects of osteoporotic conditions on peak stress in the dens trabecular
bone.

Regions Lateral fall Backward fall Forward fall

Cort.KG
O3

Cort.T O1 Trab.KG
O3

Cort.KG
O3

Cort.T O1 Trab.KG
O3

Cort.KG
O3

Cort.T O1 Trab.KG
O3

DAA ⇑ ⇓ ⇑ ⇑ ⇓ ⇑ ⇓
DAP ⇑ ⇑ ⇓ ⇑ ⇑ ⇓ ⇑ ⇓ ⇓
DNA ⇑ ⇑ ⇓ ⇑ ⇑ ⇓ ⇑ ⇓
DNP ⇑ ⇓ ⇑ ⇑ ⇓ ⇑ ⇓
DWA ⇑ ⇓ ⇑ ⇑ ⇓ ⇑ ⇓
DWP ⇑ ⇑ ⇑ ⇓ ⇓

Regions Lateral fall Backward fall Forward fall

Cort.K
O3

Trab.K
O3

Cort.K
O3

Trab.K
O3

Cort.K
O3

Trab.K
O3

DAA ⇓ ⇓ ⇑
DAP ⇓ ⇓ ⇑
DNA
DNP
DWA ⇑
DWP ⇑

Results of the one-tailed t-tests of the null hypothesis of randomness, on the peak
stress families of dens regions in three osteoporotic cases. Non-significant tests were
left blank. ⇑ means an increased stress, ⇓ means a decreased stress. Regions of
the dens: dens apex anterior (DAA), dens apex posterior (DAP), dens neck anterior
(DNA), dens neck posterior (DNP), dens waist anterior (DWA), dens waist posterior
(DWP)
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Lateral fall

Backward fall

Forward fall

Figure 8.7: Comparison of stress distributions in the trabecular bone of the dens in the baseline (N), reduced
cortical thickness case (cortT_O1 in the figure), reduced cortical bone modulus case (cortKG in the figure), and reduced
trabecular bone modulus case (trabKG in the figure), in lateral, backward, and forward falls. Each graph is for a region
of the dens cortex: dens apex anterior (TDAA), dens apex posterior (TDAP), dens neck anterior (TDNA), dens neck
posterior (TDNP), dens waist anterior (TDWA), dens waist posterior (TDWP). In ordinata, the maximum von Mises
stresses.
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8.4 Mesh convergence analysis

von Mises stress distribution in isolated C2 model after two refinement steps
are depicted in Fig. 8.8. The areas of peak stress is located in the posterior
aspect of the dens neck, and appears to be better delimited in M1 and M2
cases. The absolute maximum stress is located in correspondence of the
highlighted element in each case. The maximum von Mises stress increases
with increasing mesh size (see Fig. 8.9), meaning that stresses are sensitive to
the mesh density. The percent variation after each refinement step are: 42%
(M1), and 21% (M2), in the cortical bone; 21% (M1), and 16% (M2), in the
trabecular bone.

M0 M1 M2

Figure 8.8: von Mises stress distribution in isolated vertebra C2, after two mesh
refinement steps (M1, M2) compared to the original mesh size (M0).

Cortical bone Trabecular bone

Figure 8.9: Maximum von Mises stresses in cortical and trabecular bone of isolated
C2 model, under increasing mesh size.
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8.5 Ligaments response

Normalized ligament deformations are hereafter reported for all falling sce-
narios. Four cases were analysed: the baseline, Cort.T O3, Cort.KG O3, and
Trab.KG O3, and are reported in Figs. 8.10 (lateral fall), 8.11 (backward fall),
8.12 (forward fall).

Lateral fall

Figure 8.10: Comparison of FE-predicted deformations in all spine ligaments, due
to variations in model parameters.

Backward fall

Figure 8.11: Comparison of FE-predicted deformations in all spine ligaments, due
to variations in model parameters.
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Forward fall

Figure 8.12: Comparison of FE-predicted deformations in all spine ligaments, due
to variations in model parameters.



Chapter9
Discussion

In the elderly, osteoporosis and degeneration of the soft tissues decline the
overall health of the spine. The cervical spine was shown to become largely
exposed to fractures (Daffner et al., 1998). Fractures of C2 in the elderly
are particularly frequent, and dens fractures, represent the most frequent
individual injury in the upper cervical spine (Malik et al., 2008). There are
only a few studies in literature that investigate the role of osteoporosis in the
genesis of dens fractures. Many other studies concerns the implications of
osteoporosis in the loss of vertebral bone strength, some elucidate the mech-
anisms of failure at the trabecular micro-architectural level, others provide
useful data regarding bone failure testing in in vitro experiments.

The use of Finite Element Analysis for studying bone fractures is prefer-
able for many reasons: through simulations it is possible to obtain repeatable
results, as inter-subject variability—typical of experiments—is eliminated;
it is possible to investigate scenarios that may be difficult to reproduce in
laboratory; it allows the investigation of individual factors, which is not often
possible in real experiments.

The choice of reducing the cortical thickness in C2 was justified by exper-
imental observations of cortex thinning during osteoporosis in C2 (Amling
et al., 1995), but also in other spine segments (Ritzel et al., 1997). The cortical
and trabecular moduli were also reduced, in order to simulate osteoporotic
conditions on trabecular bone. Other studies had already employed this
method to simulated osteoporotic conditions (Polikeit et al., 2004).

In all simulations performed the majority of the stress in the vertebra
C2 was transmitted through the cortical bone compartment, without any
exception. The maximum stresses in the shell elements of C2 were larger than
those in the trabecular bone, in every simulated case. These observations agree
with observation from (Graham et al., 2000). In general, under simulated
osteoporotic conditions, wider areas of both cortical and trabecular bone were
subject to higher peak stresses, in agreement with the observation of Polikeit
et al. (2004). Regarding the effect of the various parameters on the stress
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distribution in C2, it was shown that reduction in cortical and trabecular
bulk moduli alone (Cort.K, Trab.K O3) did not produce clear effects. The only
sensible changes due to trabecular bulk modulus reduction (Trab.K O3) were
the increased stresses in the trabecular bone of dens apex and waist, in forward
fall, and the decreased stresses in dens apex, in lateral fall. Reduced cortical
thickness (Cort.T) caused higher maximum stresses in the dens cortex and
trabecular bone, in lateral and backward fall; whereas it caused lower stresses
in the dens apex and waist, in the forward fall. This latter finding shows that
the loading scenario also influence the effect of osteoporotic condition in the
stress distribution in the dens. Reduced trabecular bulk and shear moduli
(Trab.KG O3) had sensible effect of reducing stresses in the trabecular bone
of the dens, in all falling modes; whereas minor changes were noted in dens
cortex. The reduced cortical bulk and shear moduli (Cort.KG O3) were found
to reduce stresses in dens cortex, in lateral and backward fall; whereas, it
decreased the stress in the dens neck cortex, and increased it in dens apex and
waist, in forward fall.

The study of the contact forces through the dens of C2 revealed the princi-
pal loading paths in three different impact modalities. In the lateral fall the
dens is subject to a mixed loading: lateral bending moment plus shear, which
are exerted consecutively in a period of time as short as five millisecond. This
type of load was shown to be able to produce Type II fractures in experimental
studies Doherty et al. (1993). The stress distribution predicted with our model
agrees with the Type II fracture pattern found in the FE study by Puttlitz et al.
(2000). Due to increasing osteoporotic conditions larger areas of high stresses
were observed also in the upper dens neck, and in dens waist.

During the backward fall, a very large flexion moment was exerted to the
dens by the transverse ligament. Flexion was proved to cause experimentally
both Type II and Type III dens fractures (Nightingale et al., 2002); in our
simulation, a stress concentration area was found posterior aspect of the dens
cortex. This is usually a zone where Type II fractures occur. However, the
region of high stress in the trabecular bone extended through posteriorly in
both base of the dens, and to the lower part of C2 body. Increasing osteoporotic
conditions led to enlargement of these highly stressed areas in the posterior
aspects, up to the dens apex. The apical ligament stretch was highest, among
all falling scenario, and also ALL between C1-C2 was highly stretched. These
facts may suggest that a large tensile load is also exerted to the dens apex, and
may be index of Type I fracture. These findings also agree with the observation
of Type I fracture pattern during flexion moment in the study by Puttlitz
et al. (2000). Another region largely stressed was the entire lower body of C2,
which was mainly caused by tensile forces exerted through the intervertebral
disc, during the first extension phase of the cervical spine.

Forward fall was find to cause the highest contact force to the dens, in
absolute. This force was exerted by the anterior arch of C1 to the anterior
aspect of the dens, producing an extension moment. Stress distribution
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during the forward impact caused generally high stress in the dens neck, as
well as in adjacent lateral regions. In the simulated osteoporotic condition
these patterns were even more accentuated. Puttlitz et al. (2000) found that
extension moment caused mostly Type I fractures, whereas Yuan et al. (2008)
and Nightingale et al. (2002) identified Type III fractures to occur due to
extension loadings. Our findings mostly agree with the latter, as no high
stress was observed at the dens apex.

The analysis of ligaments deformations under different loading scenarios
highlighted the effects of osteoporotic conditions on the stretch response of
the ligamentous spine in our FE model. In lateral fall (Fig. 8.10), the most de-
formed ligaments are those in the case of reduced cortical modulus (Cort.KG
O3): the Ligamentum Flavum (LF) between C2-C3, and the Capsular Lig-
ament (CL) between C1-C2. They both exceed the failure point at 40 ms.
However, this was the time at which the observation was stopped, meaning
that those ligament were largely deforming due to the extreme lateral bending
angle reached to the end of the simulation. A general increase of the nor-
malized deformation was observed in almost all ligaments due to decreased
cortical modulus. One exception is the apical ligament, that deforms less in
that case. In the backward fall scenario (Fig. 8.11), each ligament deformation
does not undergo any significant change due to osteoporotic conditions. There
are several ligament largely deformed: the apical ligament, LF C2-C3 and
C6-C7, and the Interspinous Ligament (ISL) between C3-C4, and C6-C7. The
forward fall scenario (Fig. 8.12) presents some ligaments which are nearly
completely non-deformed, such as the Anterior Atlanto-Occipital Membrane
(AAOM), the Posterior Longitudinal Ligament (PLL) in the lower cervical
spine, the lower ISLs. The alar ligament is most deformed due to decreased
cortical modulus, as well as the Anterior Longitudinal Ligament (ALL) C1-C2;
the ALL C2-C3 and C3-C4 sustain the largest deformation in the case of
decreased trabecular modulus.

9.1 Limitations

The kinematics of the model, in the three falling scenarios, was acceptable.
However, a limitation in the present study is represented by the lack of muscle
activation. The effect of the latter is particularly evident in the last part of
the simulations, when the neck undergoes extreme and non-physiological
angles of rotation, subject to extension, flexion, and lateral bending moments.
To overcome to this limitation, the model response were observed in a time
window in which angles did not cross the physiological limits.

In the FE model of the human spine used in this study, the cortical bone
of C2 was modelled with shell elements with variable thickness according to
the anatomical location (Heggeness and Doherty, 1993). Variations were not
made gradually, among different regions. However, it is the author’s opinion
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that this should not significantly affect the simulation.
The elements were assigned homogeneous isotropic material properties.

A viscoelastic formulation was chosen, as it is essential to include time-
dependent properties of bone, especially when performing dynamic studies,
such as impacts. The trabecular compartment was modelled with homoge-
neous isotropic viscoelastic properties. It could be argued that the isotropic
formulation does not comply with the internal architecture of the vertebral
bone, and that, at least, an orthotropic formulation should have been used.
However, no consistent description of the bone micro-architecture and ma-
terial properties of the complete C2 vertebra exists, that can be directly
translated into FE material properties. Moreover, the vertebra C2 is loaded in
all possible directions: compression, tension, flexo-extension, shear, lateral
bending, so it is very hard to identify preferential directions for loads. This
is especially true for the dens of C2, that bears loads from almost all afore-
mentioned directions, through the attached ligaments and the anterior arch
of C1. For these reasons, it was thought that an isotropic description of the
trabecular bone material of C2 could be acceptable for the aims of this study.

The bone mass distribution within C2 could be further investigated. It is
known that C2 presents regions of rather different bone density and trabecular
architecture (Gebauer et al., 2006), therefore one step could be to model the
spatial heterogeneity of bone density and material properties, accordingly,
on the base of X-ray images, or CT data. Another small limitation in the C2
model geometry is the poor representation of the transverse processes (lack of
transversal foramina). However, this minor features should not influence the
overall response in the FE simulations.

In the present study a rather coarse mesh was employed to study the stress
distribution within C2. Then, it was shown that maximum stresses are rather
sensitive to the mesh size. This fact may have represented a problem for
the analyses in this study, and influenced the results. However, the aim was
not to find exact stress levels reached in the bone, but stress distributions
from various simulations were compared to observe differences. Moreover,
a coarser mesh allowed performing simulation with reduced computational
time.
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Conclusions

Osteoporosis was shown to profoundly affect bone strength in the elderly.
Vertebral bodies are subject to progressive bone density loss. Cortical bone
compartment becomes thinner and weaker, compared to normal conditions.
Trabecular bone undergoes even larger modifications, as micro-architecture
loses integration, leading an increasing porosity. Overall mechanical proper-
ties of osteoporotic bone are worse than normal, and resistance to fractures is
reduced.

Mechanisms of dens fractures are influenced by the loading conditions,
and the mechanical parameters of bone. Most stress in C2 bone is transmitted
through the cortex. Cortical bone thinning, and reduced stiffness of both bone
compartments, produced remarkable alterations in the stress distribution in
C2; this reveals that the model is able to account for simulated osteoporotic
conditions in C2, though bulk moduli reduction alone did not produce clear
effects.

Cortical stiffness reduction was found to play an important role also in
increasing the ligamentous spine deformations in lateral fall; this preliminary
observation will need further investigation to understand local variations in
ligament response.

The current geometry of C2 model does not assure a good convergence,
even after two mesh refinement steps; the a convergence error on the maxi-
mum von Mises stress was as high as 21% in the cortical bone. A geometry
refinement is suggested, which may be achieved by both increasing the mesh
density, and the CT slices resolution when defining the 3-D geometry of C2.
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Chapter11
Future work

This preliminary study has laid the foundations for the future investigations
regarding age-related dens fracture. In particular, it will help future works
regarding the design of cervical spine protective devices, and other preventive
strategies. The understanding of differences in local stress distribution within
vertebra C2, under different loading conditions, will be of help in optimizing
protective devices to prevent fall-driven dens fractures in the elderly.

The role of model geometry in both C2, and in the surrounding structures,
will need to be elucidated. Variations in anatomy and physiology of the osteo-
porotic cervical spine may have profound effects on the fracture mechanisms
of the dens, which were not investigated in this work. Osteoporosis-induced
changes in the ligamentous spine may be included, i.e. stiffening of the lig-
amentous spine, as this may contribute to clarify their effect on the model
response.

Although no consistent description exists today about the internal archi-
tecture of vertebral bone of C2, in the future works further efforts should be
placed in a proper modelling of the bone mass distribution, and anisotropy of
the trabecular bone compartment. It is the author’s belief that this would im-
prove the correspondence between the model response and the experimental
evidences related to the study of dens fractures.
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AppendixA
Simulations Matrix

Here is reported the simulation matrix of the present study:

Scenarios Parameters

Baseline Cort.T Trab.K Cort.K Trab.KG Cort.KG

Lateral fall 1 O1 O1 O1
O2 O2 O2
O3 O3 O3 O3 O3

Backward fall 1 O1 O1 O1
O2 O2 O2
O3 O3 O3 O3 O3

Forward fall 1 O1 O1 O1
O2 O2 O2
O3 O3 O3 O3 O3

Mesh study M0
M1
M2

Each individual simulation is marked as ‘1’. In the cases Cort.T, Trab.K, and Cort.K
parameters were varied in three steps (O1–O3). Trab.KG and Cort.KG parameters
were varied in one step (O3).
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