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Abstract

Introduction: Fractureof theatlaswasfirst described by Jefferson (1920). Hetheorised a bursting mechanism of fractureastheoccipital
condylesweredriven into the atlas. Experimental studiesby Haysand Alker (1988) and Panjabi et al (1991) were also conducted to explain
the injury mechanisms. I njury mechanisms and fracture patterns are important in the clinical evaluation of spinal injuries. Recognition
and interpretation of the fracture patterns help to determine the spinal instability and consequently the choice of treatment. Although the
fracture mechanics of the atlas have received much attention, it has not been investigated using theoretical modelling. Materials and
Methods: A high-definition digitiser was used to obtain the geometrical data for thefinite element mesh generation. Contrary to thewidely
used method, such as computed tomography scan for geometric extraction, the direct digitising process of the dried specimen reliably
preservesthe accurate topography of up to 0.1-mminterval of theoriginal structure. Thefinite element model was exercised under an axial
compressivemode of pressureloadingtoinvestigatethesitesof failurereportedin vivoandin vitro. Results: Using material propertiesfrom
literature, the predicted results from the 7808-finite element model demonstrate high concentration of localised stress at the anterior and
posterior arch of theatlas, which agreeswell with thosereported in theliterature. Furthermore, our resultsarealso in good agreement with
the findings reported by Panjabi et al (1991), which show that the groove of the posterior arch is subjected to enormous bending moment
under simulated hyperextension conditions. Conclusions: The close agreement of the failure location provided confidence to perform
further analysis and in vitro experiments. The predicted results from finite element analysis may be potentially used to supplement

experimental research in understanding the clinical biomechanics of the C1.
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I ntroduction

Fractures of the atlas comprise approximately 25% of all
injuriesto the atlanto-axial complex, 10% of al injuries of
the cervical spine, and about 2% of all spina injuries.!
Four-part burst fracturesof theatlaswerefirst described by
Jefferson? in 1920. He theorised a bursting mechanism of
fractureastheoccipital condylesweredrivenintotheatlas.
The wedge shape of the articular pillars resulted in
transmitting the axial compressive forces laterally,
producing the expansile or tensile fracture at the weak
pointsto yield one or more breaks in the bony ring. Hays
and Alker® disputed that it was impossible to have only
“one” fracture, but at least two fractures, to break the
continuity of the non-elastic ring. The mgjority of their
studies produced two-part fractures. Additional injury
mechanisms would result in the so-called burst fracture of
Jefferson.*® To resolve the injury mechanism, many
experimental studies were conducted in an attempt to
determine and explain the injury mechanisms to the atlas
vertebrae;*® however, it has not been investigated using
theoretical modelling.
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One of the major limitations of any experimental study
lies in its inability to quantify internal biomechanical
variables such as stress distribution in the atlas.
Mathematical techniques, such as afinite element model,
havethepotential toquantify and qualify theseparameters.”
Furthermore, the finite element model can be used to
conduct parametric studiesto evaluate the effect of one or
more variables on the biomechanical response of the
structure under non-destructive and controlled situations.
This approach has been successfully used in
the understanding of human lumbar and lower cervical
spine.™*? Initial developmental efforts of spina research
using finite element methods, which started in 1970s,
combined with recent advancements in the experimental
area, have contributed to the success of the present-
day sophisticated biomechanical analysis of the human
spine.™*! To the best of our knowledge, a detailed finite
element model of the human atlas that is geometrically
accurate, however, does not exist. This finite element
model was analysed preliminarily in attempting to
understand the fracture mechanism of the atlas.
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Inthisstudy, adetailed three-dimensional finite element
model of the cadaveric atlas was constructed with the
geometrical data obtained from a three-dimensional
digitiser. Using material properties from literature,”*? the
7808-finite element model was analysed under an axial
compressivemodeof pressureloading appliedtoitssuperior
articular facets to predict the region of high stress
concentration and comparing them with the sites of failure
reported invivo and in vitro including the fracture patterns
created.

Materials and M ethod

The detailed, geometrically accurate three-dimensional
finite element model of the atlas was developed from
geometrical coordinates of a cadaveric atlas vertebra
obtained using a three-dimensional digitiser (FaroArm,
Bronze Series, Faro Technologies|nc, Florida, USA). The
dried cadaveric atlas was obtained from a 68-year-old,
mal e Chinesewho died of old age. Thecadaver was160cm
in height and 570 N in weight. Detailed examination by
independent spine surgeonsfound the cadaveric atlasto be
within normal limits and the specimen did not show gross
physical abnormalities.

Astheatlaswasassumedtobeapproximately symmetrical
about the mid-sagittal plane, only half of the atlas was
modelled.*” A small hole was drilled into one side of the
atlas, and a screw was passed through and secured by two
nuts. The screw was in turn clamped in avice-clamp. The
digitiser was used to digitise the whole surface area of the
half-vertebra at 0.1-mm intervals by moving the point
probe over the various surface profile of the atlas. The
coordinatesdata(about 50,000 points) obtained werestored
in a microcomputer.

Calibration and setting of the reference point to define
theorigin of the coordinate axis set were undertaken before
any measurement. Theglobal XY Z coordinate system was
set with the Y -axis acting along the mid-sagittal plane of
the atlas, and the X-axis and Z-axis pointing toward the
posterior and left lateral directions, respectively.

Using the computer software, Surfacer 7.0 (Structural
Dynamics Research Corporation, Ohio, USA), the three-
dimensional coordinate data were processed to obtain the
sequential cross-section outline of the vertebra at 1- to 2-
mmintervals, depending onthecomplexity of thegeometry.
It was serrated and had numerous line segments. Splines
were fitted to the identified boundary points to obtain a
smoother “wire frame” for each section. These three-
dimensional geometrical boundary datafileswereconverted
into auniversal graphics data format (IGES), which were
then imported into acommercially availablefinite element
modelling software, ANSY S (ANSY S Inc, Pennsylvania,
USA) for the three-dimensional finite element mesh

reconstruction. The solid model was developed in two
stages: surface creation and solid definition. By defining a
series of four closed-loop boundary curves from two
neighbouring cross-sectionoutlinesusingthelinesegments,
aseriesof surfaceswere created. The surfaces of theentire
model were carefully re-examined against the physical
model for accuracy. A solid was then generated by the
creation of volume defined by its enclosing six surfaces.
Thesolid model for theentire structure wasthusdevel oped
following this procedure.

Thefinite element mesh was obtained by discretising the
solid model using a mapped mesh technique. The mapped
mesh method in ANSY Sallowsfor the automatic creation
of finite elements, which conform exactly to the shape of
the defined volume. At this stage, the number of elements,
element type and element size were chosen depending on
the complexity of the geometry, desired problem size and
analysis nature of the finite element model.

In this study, eight-noded isoparametric solid elements,
instead of tetrahedron solid elements, were chosen to
model thevertebra. Thistypeof element shouldyield better
element behaviour in the analysis® The vertebra was
assumed of cortical bone throughout and the internal
cancellous structure was ignored. The full finite element
model shown in Figure 1, symmetric at approximately the
mid-sagittal plane, consi sted of 7808 elementsrepresenting
various spinal structures such as anterior/posterior
tubercules, superior/inferior articular processes, transverse
process and posterior arch of the atlas.

Toexercisethefiniteelement model, appropriatemateria
propertiesfor these el ementswere chosen. Because of lack
of material definition for the atlas, values used in other
regionsof thevertebral columnwereadopted asafirst step.
Linear isotropic and homogenous mechanical properties
using Y oung’ smodulusof 10,000 M Paand Poisson’ sratio
of 0.29 were assumed for the atlas.®*°

To simulate the experimental setups carried out by Hays
and Alker® and Panjabi et al® as closely as possible, three
boundary conditions were applied: Case 1—the inferior
facet was fully constrained in all directions of movement;
Case 2—the inferior facet was constrained to move in the
supero-inferior direction; and Case 3—in addition to the
conditionsdefined in Case 2, al the nodes on the posterior
arch in the plane of symmetry restrained from moving in
the antero-posterior direction. For al cases, al nodes on
the anterior arch lying in the plane of symmetry were
constrained in the antero-posterior direction to mimic the
restrained provided by the dens of C2 and the transverse
ligament. Additional analysisrun under extensionfor Case
2 wasperformed to simulatetheatlashitting the axisbel ow
by applying avertical point displacement of 0.01-mmat the
posterior arch.
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In order to examine how various loading configuration
under different boundary conditions might alter the
mechanicseffect of the atlas, the model wasaxially loaded
under three simulated head postures: 1) neutral, 2) flexion
and 3) extension. A compressive force of 25N (about the
weight of the head) was applied to the superior facet
surface. The superior facet surface was divided into three
regions. an anterior region, amiddleregion and aposterior
region, with an approximated superior facet surface areaof
150-mm?for pressure loading. With an arearatio of 1:2:1,
for the neutral condition, a uniform pressure loading of
0.167 MPawas applied across the superior facet surface.
Under flexion, an increased pressure was shifted towards
theanterior region. Under extension, anincreased pressure
was shifted towardsthe posterior region asshownin Figure
2. Table | lists the distribution of pressure applied to the
superior facet of the atlas under three different simulated
head postures investigated in the present study.

Results

The predictions of von Mises stress distribution for
loading configurationsillustratedin Tablel under different
boundary conditions are presented in this section. Loading
of 25 N is kept constant throughout the analysis. Figure 3
shows the predicted location for high concentration of
localised von Mises stress. For neutral loading
configurations, under different boundary conditions, the
stress contoursare shownin Figures4to 7. Figures8to 11
show the variation of average von Mises stress at the
predicted likely failure sites under different loading
configurations and boundary conditions. Finally, Figure
12 shows the predicted location and their corresponding
maximum von Mises stress.

Figure 4 shows that high concentration of localised von
Mises stress can be seen at the anterior arch and junction
between the posterior arch and lateral mass. It can also be
seen that maximum von Mises stress of 1.039 M Pa occurs
at the anterior arch. Figures 5 and 6 show that high
concentration of localised von Mises stressisfound at the
anterior arch, junction between the posterior arch and
lateral mass and groove of the posterior arch. In addition,
Figure 5 shows that maximum von Mises stress of 1.965
MPa occurs at the inferior junction between the posterior
arch and lateral mass. Furthermore, it also shows that the
tip of the posterior arch moved anteriorly towards the
anterior arch as the lateral mass is displaced laterally,
creating tension around the outer side of the posterior arch
and compression at theinner sideof the posterior arch. This
result differsfrom Figure6, which showsthat theinner side
around the groove of the posterior archisin tension dueto
the additional constraint provided at the tip of posterior
arch (Case 3).

Figure 7 shows that the posterior arch isdisplaced in the
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anterior and superior directions creating tension at the
inferior, outer side of the posterior arch and compression at
the superior, inner side, producing a bending moment
effect at the groove of the posterior arch. In addition, high-
localised von Mises stress is seen at the inner side at the
groove of the posterior arch. Figures 8 to 10 show that the
average von Mises stress is higher under flexion at the
anterior arch and lower at thejunction of posterior archand
lateral mass. In contrast, von Mises stress is lower under
extension at the anterior arch and higher at the junction
junction of posterior arch and lateral massunder extension.
In addition, it showsthat von Mises stress at the groove of
the posterior arch remains within 2% to 4% difference
under different loading configurations and boundary
conditions.

Furthermore, it clearly showsthat von Misesstressat the
anterior arch increases as the loading configurations are
change from extension to neutral and finally to flexion
loading configurations. For Case 2 shownin Figure9,itis
interesting to see that von Mises stress at the anterior arch
increased by 60% from extensiontoflexion positionswhile
thevon Misesstressat the posterior arch only decreased by
20%.

Additional stress analysis of C1, by applying a vertical
point displacement of 0.01mm at the tip of the posterior
arch, shows that the average von Mises stress (Fig. 11) at
the posterior side of the C1 increases tremendously from
anterior archto thejunction of the posterior arch and lateral
mass or groove of the posterior arch. The results obtained
aredifferent fromtheanalysisfor Case 2 wheretheaverage
von Mises stress under extension loading increased by
70%fromtheanterior arch to thejunctionwhiledecreasing
by about 60% from thejunctionto the groove. Theaverage
von Mises stress from the junction to the groove of the
posterior arch only showsaslight increase for Case 2 with
avertical point displacement at thetip of the posterior arch.
The results also show substantial increase of average von
Mises stress at the groove of the posterior arch from Case
2 to Case 2 with additional displacement, while difference
in average von Mises stress at the anterior and junction of
the posterior arch and lateral masses remains negligible.
These results imply that the posterior arch is subjected to
higher level of stress concentration when C1 hits C2.

Figure 12 summarisesthe predicted maximumvon Mises
stressand their respectivelocationsunder different loading
configurations for the three cases. The results for Case 1
and Case 3 show an increase of maximum von Misesstress
from neutral, flexion and finally to extended position. In
summary, maximum von Mises stressincreased by 45%to
51% under different loading conditions. However, for
Case 2, theresults show that maximum von Mises stressis
highest under flexion, followed by neutral and extension
loading configurations.
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Fig. 1. Iso-posterior view of the finite element model.

Fig. 4. Von Mises stress contour and undeformed edge display for neutral loading
configuration under fully constraint condition at the inferior facet (Case 1). Arrows

indicating the force vector of principal stresses.

Fig. 6. Von Mises stress contour and undeformed edge display for neutral loading
configuration under constraint in superof/inferior directionsat theinferior facet and all
the nodes on the posterior arch in the plane of symmetry restrained from moving in the
antero-posterior direction (Case 3). Arrows indicating the force vector of principal

stresses.

Fig. 2. Loading configurations under extended condition.

Fig. 3. Location of localised high von Mises stress.

Fig. 5. Von Mises stress contour and undeformed edge display for neutral loading
configuration under constraint in supero/inferior directions at the inferior facet (Case
2). Arrows indicating the force vector of principal stresses.

Fig. 7. Von Mises stress contour and undeformed edge display for extended loading
configuration under constraint in supero/inferior directions at the inferior facet (Case
2) and applying avertical point displacement of 0.01 mmat theposterior archtosimulate
C1 hitting C2. Arrows indicating the force vector of principal stresses.

Fig. 13. lllustration on the weak cross-section of the anterior and posterior arch.
A) Anterior arch, B) groove of the posterior arch.
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Fig. 10. Average von Mises stress under constraint in supero/inferior directions at the
inferior facet and all the nodes on the posterior archin the plane of symmetry restrained
from moving in the antero-posterior direction (Case 3).
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Fig. 12. Predicted|ocation and corresponding maximumvon Misesstressunder different
loading configurations for the three cases.

Furthermore, it is interesting to see that the different
loading configurationsusedintheanalysisdo not affect the
location of the maximum von Mises stress. Generally, it
should bepointed out that avariation of only 8%isobtained
for maximum von Mises stress under different simulated
head postures for Case 2.

Discussion
The primary objective of this study was to develop a

detailed three-dimensiona finite element (FE) model of
the human atlas using actual datafrom adry specimen. All
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Fig. 11. Average von Mises stress under constraint in supero/inferior directions at the
inferior facet (Case 2) and including an addition vertical displacement of 0.01mm
applied at the tip of the posterior arch under extended loading conditions.

the important anatomic features of the atlas such as the
facet articulation surfaces and posterior arch were clearly
defined in our model. The direct digitising process of the
dry specimenreliably preservesthe accuratetopography of
the original structurethat isto bereplicated. Although our
model may be redlistic enough to produce a qualitative
assessment of the likely sites of fractures, it is still very
simplistic and should be applied with care to quantitative
analyses. The study was also designed to determine the
influence of the simulated head postures and boundary
conditions that replicate the experimental setups® on the
likely sitesof atlasfractureunder axial compressiveloading.
The model was analysed in flexion, neutral and extension
loading configurations to simulate the different head
postures as described in Table |. Table |1 illustrates the
likely failure sites under three different loading
configurations for the three boundary conditions from the
FE anaysis.

In the present study, the predicted likely failure sites
agreed closely withtheexperimental results.®® Asexpected,
high concentration of localised stress can be seen at the
anterior arch, junction between the posterior arch and
lateral mass and groove of the posterior arch. In addition,
itisclear that the experimental measurementsby Haysand
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Alker® correspond well with the present FE analysis for
Case 1, which showsthat the predicted | ocation of fracture
within the posterior arch did not routinely occur at the
thinnest measured point of thearch (grooveof the posterior
archinFEmodel). Theseresultsalsoindicated that theatlas
might fractureintwo or morelocationsin order to break the
continuity of the non-elastic ring as stated by Hays and
Alker.?

Althoughweusedthreedifferent pretraumahead postures,
namely flexion, neutral and extension loading conditions
for Case 2, there was no apparent differences in the
predicted von Mises stressdistribution (Fig. 5). Thisresult
agrees with the observations by Panjabi et al® whose
experiments in two different pretrauma postures did not
result in different fracture pattern.

Theseresultssuggest that in reality, the fracturelocation
of the atlas is dependent on other factors such asthe force
vector applied to the head, precise posture at the time of
trauma, spinal geometry and physical properties, resulting
in avariety of fracture patterns.

It should be pointed out that the posterior arch might be
fractured by acompletely different mechanism, i.e., dueto
hyperextension of the cervical spine (Fig. 7). Figure 13
illustrates the weakest cross-sections, and their typical
cross-sectional shapes of the anterior and posterior arch.
From simple engineering considerations, it shows that
cross-section A is weakest when the arch is bent in the
horizontal plane (about Y -axis), whereascross-section B is
weakest when the arch is bent in the sagittal plane (about
Z-axis). Thus hyperextension of the cervical spine, where
the posterior arches of C1 and C2 hit each other, may
produce enough bending moment at the weakest cross-
section of the posterior arch to produce its failure.® These

TABLE |: THE THREE CONFIGURATIONS EXPLORED

Superior facet surface pressure (MPa)

Configuration  Description
Anterior Middle Posterior
1 Neutral 0.167 0.167 0.167
2 Flexion 0.267 0.167 0.067
3 Extension 0.067 0.167 0.267

explanations are in good agreement with our results
(Fig. 7) which show that the groove of the posterior archis
subjectedto highlevel of tensileforcesat the outer, inferior
side and compressive force at the inner, superior side of
groove of the posterior arch, creating an enormous amount
of bending moment at its weakest section to fracture the
atlas.

Most previousreportson C1 fractures have been clinical
in nature, but some have discussed the forces involved in
burst fractures. In his original reports, Jefferson proposed
that themechanismfor C1burst fractureswastheconversion
of compressive forces into the expansive or horizontal
forces because of the wedge-shaped cross-section of the
Cl1 lateral masses. Since then, others have classified C1
fractures into as many as six different types and have
proposed various mechanisms and treatments for each
type.’*8 Haysand Alker® studied thein vitro production of
Clburst fracturesand the patterns created, but their testing
method did not allow for accurate measurements of the
forces involved. Panjabi et al® were the first to use an
accurately measurableforceto produce C1 burst fractures.
Usingoccipito-cervical segments, they wereableto produce
fractures with forces as low as 1900 N under extended
postures, but in six specimens under neutral postureswith
forcesashighas3100 N. Thesefindingsalso correlatewith
our resultswhich clearly demonstratethat von Misesstress
at thelikely sites of failure, under a constant loading of 25
N, increased by 35% for Case 2 (Fig. 9) from neutral to
extension. The results imply that the head should not be
positioned in the extended posture if large axial loads are
applied to the head.

Although C1 fractures do not occur inisolation from the
surrounding bones and soft tissues, the analysis method
used in the current study eliminated variability in the load
application and in the fracture patterns of the C1ring. The
authorsexamined theresponseto applied axial forcealone,
whichistheforcevector believedto producethesefractures
in vivo.

It has been pointed out that amathematical model based
on high quality experimentally obtained, physical datais
likely to represent the real structure successfully with a
limited validation.’®* Two of the most important physical

TABLE II: PREDICTED FAILURE SITESUSING FINITE ELEMENT METHODS

Failure possibility

Case Anterior arch Junction between posterior Groove of the posterior arch
arch and lateral mass
Flexion Neutral Extension Flexion Neutral Extension Flexion Neutral Extension
1 High High Low High High High Low Low Low
2 High High Moderate High High High High High High
3 High High Low High High High Moderate Moderate Moderate

Annals Academy of Medicine



datain constructing a FE model of the atlas are geometric
and material properties. For the FE model to be effective,
itisdesirablefor an FE model of the atlas to process high-
quality representations of these aspects. It has been shown
that bony geometry of the cervical spine greatly affectsits
biomechanical responses.?® Although our model is very
realistic, the current results are limited by the use of linear
elastic and homogeneous material properties. It is well
known that human cervical response is nonlinear. These
assumptions reduce the complexity of the analysis but do
not replicate the nonlinear postyield behaviour of the
vertebral body’ strabecular bone. Neverthel ess, loadswere
applied consistent with physiologic loading conditions in
which overt failure is not expected to occur. Despite this,
the results may potentially be extrapolated to investigate
failure behaviour of C1 as linear models have been
successfully used to predict fractures of the pedicle and
proximal femur.22!

Another limitation of the present study isthe use of static
analysis procedures. To simulate traumatic loading
situationsasinexperimental |oadingscarried out by Panjabi
etal,°itmay beprudenttoincorporateappropriatedynamics-
related variables and exercise the FE model under high-
speedloading. A logical extension of theexisting FE model
would beto include additional levelsso that the C1-C2-C3
mechanicscan bedelineated. Weareadvancing our studies
to include these features.

Other limitations of the present model are the boundary
conditions. In redlity, the atlas is not constrained from
movinginspace, however, that wastheboundary constraint
assignedto theinferior articul ar facet surface of theatlasin
the present FE analysis.

Conclusions

In summary, a three-dimensional geometrical and
mechanical accurate finite element model based on actual
geometry has been successfully developed for C1. To the
best of our knowledge, no studies are currently available
that incorporated the complex geometry of the C1 in a
detailed finite element model. The model was validated
against experimental data®® under the axial compressive
mode of loading based on the material properties from
literature. The close agreement of the failure location
provided confidence to perform further analysis and in
vitro experiments.

The results show that finite element method is an
invaluable application that can supplement experimental
research in understanding the clinical biomechanics of the
C1. This method may also guide us in developing better
experimental designs. Furthermore, because of its
reproducibility and repeatability, a fully validated model
can be used to analyse detailed parametric studies of novel
instrumentations, allowing for the avoi dance of otherwise
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costly experimentation. Inaddition, theresultswill provide
further understanding of injury mechanisms of the atlas,
which is important for the prevention, diagnosis and
treatment of spinal injuries.
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