Biomechanical Study of C2 (Axis) Fracture: Effect of Restraint
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Abstract

Introduction: In human, the cervical spine region is very susceptible to impact injury. The complex structures of C1 and C2 serve to
transmit theweight of thecraniumtothegreatly similar structural cervical spinefrom C3 caudally. Application of sudden disruption forces
will detach the junction of the cervico-cranium with the pars interarticularis of the neural arch of C2 from the lower cervical spine by
fracturing, asin a“ hangman’sfracture’ . Severefallsor blowsto thehead from heavy objectswill causethefracture of the odontoid process
of C2. Many biomechanical studieswere conducted based on full restraint of theinferior aspectsof isolated C2 to produce odontoid fracture.
In this study, two different restraining conditions of C2 were adopted experimentally to determine the absolute fracture load and the
corresponding fracture patternsthat are common to C2. Materialsand Methods: Nine C2 vertebrae obtained from cadaver spines, ranging
from51to80years, wereused. Two specified restraint conditionswereemployed: (1) fully constrain the posterior element postero-anteriorly
up to one-quarter of theinferior facet; and (2) fixing of C2 by a specially-designed rig whereby the body of C2 embedded in the pivoted cup
and itsinferior facets positioned on top of two lateral plates. Antero-posterior shear force was applied on the anterior articulating facet of
the dens until failure. Results: These specified restraint conditions had resulted in specific fracture of C2. Antero-posterior shear force
rangesfrom840to 1220 N wasrequiredto causefractureacrosstheparsinterarticularisunder restraint condition 1. Failureload of between
900 and 1500 N was found to cause odontoid fracture under restraint condition 2. These values are in agreement with published data.
Conclusions: The biomechanical response of C2 was specific to the mode of restraint conditions of C2. I n reality, depending on the force
vector applied to the head, precise posture at the time of trauma, spinal geometry, and physical properties, different types of C2 fracture
patternsmay happen. Thesefindingsareof potentialsfor thebiomechanical correlation and validation study of C2 vertebrausing analytical
approaches, and in the surgical anterior screw fixation of odontoid fracture.
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Introduction

In human, the occipito-atlanto-axial (C0-C1-C2) joint
complex is an important region of the spine and often
susceptible to impact injury in trauma. Traffic accidents
frequently produceadistinct variety of fracture (or fracture-

Thefractureof theodontoid process of theaxisisanother
type of commonly found fractures. Severefallsor blowsto
the head from heavy objects mainly caused this type of
fracture.? Therearethreedistinct typesof fracture based on
the anatomical location of the fracture line, and they are

dislocation) of the upper cervical spine, characterised by a
bilateral avulsion-fracture through the neural arch of C2
without injury to the odontoid process and with or without
fracture-dislocation of the 2nd cervical vertebral body
upon the 3rd. The term “hangman’s fracture” is used to
describe this injury of traumatic spondylolisthesis of C2
based on superficial similarity to the injury seen after
judicial hanging.t

classified as Types|, Il and Il of odontoid fracture.®

Fracture of C2 accounted for approximately 20% of
cervical spinefractures, of which odontoid fracturesarethe
most common, accounting for 59%.* Therearevast amount
of published documents detailing the epidemiology and
management of C2 fractures.*'® Only a few studies,
however, have been conducted to determinethe magnitude
of anterior failure load and fracture patterns of C2 under
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different constraint conditions.*?781°

In this report, an experimental study was conducted to
determine the magnitude of antero-posterior failure load
under two different restraining conditions of C2 that yield
distinct type of failure patterns commonly found in C2.
Accordingly,inonerestraincondition, aspecially-designed
jigwasfabricatedfor therigidfixation of C2tosimulatethe
articulation between C2 and C3 in vivo.

Materials and Methods

Ninespecimensfrom elderly subjects(agerange51to 80
years) who died of variousdiseaseswereused for thestudy.
The C2 vertebrae, with all the muscul ature, soft tissuesand
ligaments and capsule dissected, were removed from 9
human cadaversat thetime of autopsy and sealedin double
plastic bags, and frozen at -20°C for later use. Tablel lists
the known data, such as sex, age, weight, height and cause
of death of the donor of the nine specimens.

TABLE|: PHYSIOLOGICAL DATA OF THE SPECIMEN USED FOR

THE STUDY
Specimen Sex Age Weight Height  Cause of death

no. o ke (M)

3 M 73 37.8 1.68 Bronchopneumonia

5 M 64 69.5 1.62 Liver cirrhosis

7 M 51 40.4 1.70 Bronchopneumonia

1 F 76 52.8 - Ischaemic heart
disease

2 M 73 39.6 152 Ischaemic heart
disease

4 F 80 30.5 1.50 Acute myocardial
infarction

6 M 54 34.0 1.57 Ischaemic heart
disease

8 M 70 56.2 1.65 Chronic renal disease

9 M 70 53.6 1.60 Congestive heart

disease
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Morphometric dimensions of the harvested C2 were
measured using ruler and calipers. Figure 1 shows the
dimensionsmeasured onthevertebraeand odontoi d process.
Table Il gives the data measured on the 7 vertebral
specimens.

Before being tested, the specimens were fully thawed at
room temperature. With the limited number of specimens
available, for obvious reasons, the 9 specimens were
distributedinto 2 groups: 3 specimenswere used for testing
using restraint condition 1 and 6 specimens were used in
restraint condition 2. Two out of the 6 specimens used in
restraint condition 2 were used in a preliminary study to
investigate the fixation requirement in restraint condition
2. The preliminary study also investigated the rate of
loading in restraint condition 2.

For al the tests, the specimens were loaded to failure
with the displacement-controlled el ectric actuator (Instron
1195, England). The time histories of both the actuator
motion and the reaction force under the specimen were
recordedwiththelnstronintegral chart recorder to determine:

1. The failure load, which is the maximum of the load-
displacement compressive curve, and

2. The total cross-head displacement at the point where
the failure load occurred.

J S

A

Fig. 1. (A) Lateral and (B) anterior views of C2 showing the overall vertebral and
odontoid process measurements.

TABLE II: OVERALL DIMENSIONS OF C2 USED FOR THE STUDY (in mm)

Specimen no. H, D, W, H, D, W, D, W, D, W,
1 31 46 455 15 7.1 75 19 23 16.5 19.5
2 32 46.5 45 15 85 8.5 20 27 155 19.5
3 33 52.5 445 145 11 10.5 21 24 19.0 20.5
4 32 425 445 13 10.5 9.5 17 22 15 175
5 32 485 44.0 16.5 7.2 8.5 20.0 235 15 175
6 315 475 422 135 10.5 9.2 195 23 16 185
7 36 475 44.0 15 115 9.5 20.5 255 17 19

Mean 32.42 47.29 44.24 14.64 9.47 9.03 19.6 24.0 16.29 18.86

Ratio H/D, W/D, H/H, W /D, W /D, W,/D,

> 0.686 0.936 0.452 0.954 1.22 1.16

H: height (sup-inf); D: depth (antero-posterior); W: width (L-R); o: overall dimension; d: odontoid process (dens); ¢: spinal canal; b: base of body

** Mean ratio
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Restraint Condition 1

For thisset of tests, the posterior el ement of each specimen
(three for this case) was potted postero-anteriorly up to a
level about one-quarter of the inferior articulating facets
using the cement material ISOPON P40 (David & Son,
Northants, England). The pot together with the cemented
vertebrawas | eft in open air in the room for about an hour
for the cement material to harden. The pot was then
mounted ontothemoving cross-head of thetestingmachine.
Anantero-posterior shear loadwasapplied at thearticul ating
surface of the dens via the load plunger attached to the
superior platen of the stationary cross-beam which was
fixed to a50 kN load cell. A cross-head moving at 1 mm/
min was selected. Figure 2 shows the overall schematic
setup of the experimental apparatus, and specimen with
load application location on the midway of the anterior
articulating facet of the dens.

Restraint Condition 2

Six of the cadaver second cervical vertebrae (specimens
no. 1, 2, 4, 6, 8 and 9) of Table | were studied. Cups were
machined from arectangular aluminium bar and milled to
form acell of inner dimensions 22 x 22 x 17 mm in depth,
width and height, respectively. These dimensions allow
the anterior, posterior and inferior bony surfaces of C2
vertebral body to be embedded with ISOPON P40 within
thecell. A special jig wasfabricated to hold the cup potted
with C2 and the two adjustable lateral metal plates in
position. Theseadjustablelateral platesallowed theresting
of theinferior articul atingfacetsaccordingtotheinclination
of the facets. To fill the gap, athin layer of ISOPON P40
was sandwiched between the inferior articular facets and
the two adjustable lateral metal plates. This arrangement
simulatesthe structural articular supportsof thevertebrain
vivo by C3 below. Figure 3 shows the unassembled
componentsand the assembl ed apparatus set up for testing.

Due to the unique fixation of C2 under this restrain
condition, two preliminary trials were conducted on two
specimens (nos. 8 and 9) to investigate the proper rigid
articulation of C2 within the rig at slow loading rate.
Accordingly, an application of antero-posterior load at a
cross-head displacement of 1 mm/minhadfailedto produce
any fracture of theodontoid. Thecell wasunableto provide
suitable fixation of the anterior surface of the vertebral
body in the cementing preparation, the specimen slowly
slipped off the cell tearing bone along the anterior base of
the body. In order to ensure the rigid fixation of the
vertebral body within the cup, 3 nailsof 1 mm diameter by
13 mm length were inserted, spaced lateraly, into the
anterior body intheregionsrelatively distant fromtheareas
described for odontoid Type 1 fracture. About 2 to 3 mm
of the nails was exposed to enhance the better bonding

between the body and the ISOPON. The bonding between
the ISOPON and the cell produced no problem.

With experience in the cementing of the vertebral body
in the cup, assembling and mounting of the rig in the
loading apparatus, 4 samples of the specimen were tested
and loaded to failure as described in restraint condition 1,
but with cross-head displacement of 10mm/min. Similarly,
the failure load and the total cross-head displacement for
each specimen were determined.

Results
Restraint Condition 1

Thel oad-deformation curvesfor specimenstested showed
sigmoidal response. The curves exhibit non-linearity
(convex towards the abscissa) at low loads of up to
approximately 450 N, followed by another non-linearity
whichisconvex towardstheordinateuntil failure. Specimen
3 clearly exhibited “saw-tooth-like” load-displacement
patterns distinguished by arelatively constant load under
continuous deformation after failure (the maximum load
prior to the abrupt change in the slope of the load-
displacement curve). Themaximum load for this specimen
occurred when the cross-head moved 2.7 mm. Failureload
of 1030, 1220 and 840 N at deformation of 2.7, 6.7 and 5.5
mmfor specimens3, 5and 7, respectively, weredetermined
and summarised in Table1l1.

Fracturesoccurred mainly throughtheparsinterarticularis
junction between the superior facet and the inferior facet,
and aso across the latero-posterior base of the body.
Fractures were non-bilateral and no odontoid fracture of
any type was observed.

Restraint Condition 2

All the specimens tested produced odontoid fractures of
specified type, and the fracture was abrupt with an audible
noise. Two specimensproduced Typell | odontoidfractures,
i.e. fracture laterally below the junction of the dens across
the anterior body of the axis. Specimen 4 fractured in a
Typel odontoid fracturethrough the superior portion of the

TABLE I1l: FRACTURE MAGNITUDE AND TYPE OF FAILURE

Specimen  Restraint Type of Failure?
no. condition fracture Load Deformation
3 1 Across pars 1030 2.7
5 1 Across pars 1220 6.7
7 1 Across pars 840 55
1 2 Type lll 1170 3.2
2 2 Type lll 1500 10.0
4 2 Typel 900 6.8
6 2 Across the body 1190 9.0

@Failure load in N and deformation in mm
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Fig. 2. Schematic setup of the experimental apparatus and specimen.

dens, while specimen 6 had fracture across the inferior
region of vertebral body. Figure 4 shows the fractured
specimens viewed in the antero-posterior and lateral
directions.

The mean shearing force required to break the odontoid
was 1190 N. Theinconsi stent rel ative displacements of the
specimensat thefailureforce, whichrangedfrom3.1109.8
mm with a mean of 7.2 mm, were observed

Table 1l summarised the magnitude of failure load and
the cross-head movement determined from the recorded
chart for specimens tested successfully under the two
restraint conditions.

Discussion

Direct impact to the vertex of the head dueto afall, head
hitting the windscreen or diving, which transmit the force
tothe contact surface of the axis (C2) with thefirst cervical
vertebra (C1), iscommon.®**% Accordingly, in this study,
antero-posterior shear load was applied directly onto the
anterior articulating facet of the dens of the restrained C2
until fracture occurred under the two different restraint
conditions of the vertebral element.

November 2001, Vol. 30 No.6
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Fig. 3. (A) The unassembled parts and (B) the test setup configuration.

Fig. 4. Fracture patterns of specimens tested under condition 2.

Restraint Condition 1

Under thisrestraint of posterior element aspect of C2, an
antero-posterior shear force of between 840to 1220 N was
reguired to cause posterior fracture of the C2 testedindried
condition. The application of thisantero-posterior load had
resulted in bending of the C2 across the unrestrained
posterior element and hence the fracture. The load-
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deformation curves showed similar mechanical behaviour
to that of the vertebral body tested under compression
reported by McBroom et al.? However, the magnitude of
ultimate loads was lower. It isreasonabl e to argue that the
smaller the size of the cervical vertebrae than the bony
structure of other spinal column,?*2 the lesser amount of
bony material, coupledwithsmaller cross-sectional surface
areas, toresi st deformati on may bean acceptabl eexplanation
for the lower values obtained. Also the specimens used
wereaged 51to80yearsandall died of certain diseases, the
natural lower trabecular bone density and strength could
have contributed to our lower experimental results.

These experimental results fall within the range of
mechanical properties reported by Sonoda.® In his
experimental testing of wet vertebrae of 22 cadavers aged
20to 79years, under longitudinal compressiveaxial loading
the average strength of the lower cervical vertebrae was
3150 N. Under posterior shear loading, the strength could
be2/5of thelongitudinal compressivestrengthwasreported.
The breaking load in bones from femal es was about 5/6 of
that inthemales; and for bonesof older age (60to 79 years)
the breaking load was about 1/2 of thosein theyounger age
(20to 29 years). Sonodaal so reported higher magnitude of
ultimate load for dried bone.

Restraint Condition 2

Odontoid fractures of different types (I to Ill) are
frequently reported clinically of patientsinvolvedintraffic
accidents, but the exact mechanism whereby flexion,
extension, and rotational injuries due to violence to the
head causing such fractureiscomplex. Shearing or bending
forces are assumed primarily to be involved and probably
emanate from the transverse ligament, the medial aspect of
the lateral masses, or the anterior arch of the atlas (C1). In
atraffic accident, afall or diving into shallow water, the
head may strike an obstacle (e.g., windshield) thus
transmitting short-duration high magnitude force to the
odontoid resulting in its fracture.

Clinical evidence suggests that fracture of the odontoid
might result from either apure extension or hyperextension
injury caused by a high-impact blow to the vertex of the
skull. The posterior aspect of thering of the atlasisforced
against the dens resulting in shear loading and bending
moment at the base of the odontoid.?

Inthispart of experimental study, the specially-designed
rig to restrain the C2 was unique, whereby the specimen
washeldin conditionswhich aresimilar to thosethat might
existinvivo. Thepivot of thecupintherigalowed aslight
sagittal rotational movement of C2 under the antero-
posterior shear load. The present mechanical test produced
thefracture of the odontoid similar to those seenclinically.
The results indicated the force required to produce the

fracture under this restraint condition was substantial,
over 900 N.

The relatively lower force (900 N) which produced the
Type | odontoid fracture on the superior surface of the
odontoid in specimen 4 was purely dueto thetearing off of
the cortical shell from the inner connecting trabecular
bones as shown in Figure 4. Two specimens (1 and 2)
experienced higher forces (1170 N and 1500 N) to produce
the shallow Type Il fracture, and the specimen which had
fracture acrossthe body had failureload of 1190 N. Asthe
odontoid process over which the deforming forceis acting
is quite short, little more than 15 mm (Table II); a large
magnitude of force is thus required to produce the
combination of shearing force and bending moment to
cause Type Il or Il fracture of odontoid.?® From simple
engineering consideration, the larger depth dimension of
the dens measured for specimen 2 (8.5 mm) than that of
specimen 1 (7.5mm), asindicatedin Tablell, theresulting
larger second moment of areaof specimen 2 would require
larger bending moment, and hence larger posterior shear
force. The quantitative effect dueto the quality of the bone
was not assessed.

The values obtained were comparable to published data.
Sasso et al?” had created the Type |l odontoid fracture by
direct 45° oblique extension loading onto the anterior
articular surface of the odontoid process. The body of C2
was potted in denstone and two wireswere placed over the
medial aspect of the articular surface. Theresults of the 13
C2 vertebrae, freed of all muscular tissue, showed that a
force of 1235 + 326 N was required to produce a Type ||
odontoid fracture. No report of the displacement of the
specimen at failure was provided.

Doherty et a? reported on their experimental bio-
mechanical testing of two groups of randomly selected
isolated cadaveric C2 vertebrae, with theinferior aspectsof
the specimens fully constrained. In Group 1, 4 specimens
wereloaded on the antero-superior aspect of thedens, at the
area articulation with the anterior arch of C1. In Group 2,
4 specimens were tested in a similar manner, except the
loadwas45°fromthesagittal plane, orientatedinaposterior
and lateral direction. Higher failure load of 1736 N for
Type Il than the 1279 N for Type Il fracture for Group 1
and Group 2, respectively, was reported.

In al our tests, the displacement of the specimen
was taken to be equal to the relative displacement of the
cross-head without taking into consideration any
displacement which may occur within the cementing
material (ISOPON) and the extension motion of the
cup about its pivoting supports. The deformation of the
odontoid at failure load taken from the load/deflection
graph might include the contribution of deformation from
the bonding material and the extension motion of the
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cup about its supports. At present, there is no published
data for comparison.

In conclusion, the current study carried out under the 2
different restraining conditions of C2 had specificaly
resultedin either a“hangman” or an“odontoid” fracture of
C2 (axis). The magnitude of failure load for either type of
fracturewassubstantial, above900N. Inreality, depending
on factors such as the force vector applied to the head,
precise posture at thetime of trauma, spinal geometry, and
physical properties, different types of the “hangman’'s
fracture” and “ odontoid fracture” patterns of the axis may
be produced. The depth and width dimensions of the dens
may affect thelikely Typell or Il fracture. Thisadditional
data, we hope, will be useful inthe biomechanical study of
C2vertebrausing analytical approaches, andinthesurgical
anterior/posterior fixation using screws.
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