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Three —dimensional finite element analysis of the injury mechanism of axis ring fractures/LI
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[Abstract] Objectives: To observe the stress distribution of the second cervical vertebra(axis) under different
forces and predict the injury morphology of axis ring fractures (ARF), and to reveal the relationship between
fracture pattern and injury mechanism. Methods: A healthy adult male volunteer was selected for skull and
cervical thin slice CT scan. The CT data were imported into the software, and a three—dimensional finite
element model of the normal skull base to the third cervical vertebra (CO-C3) was established by using the
finite element software. The validity of the finite element model was verified. Five force bearing points on the
skull geometric model were selected: the middle of forehead (point A), the front middle of the top of head
(point B), the left side of the upper forehead(point C), the front left of the top of the head(point D), and the
back of the occipital(point E). The forces at points A and B simulated cervical vertebra subjected to different
degrees of hyperextension and axial compression violence;  the forces at points C and D simulated
hyperextension and axial compression with different degrees of rotational violence; and the force at point E

simulated hyperflexion and axial compression violence. Finite element method was used to simulate different
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kind of forces(1400N) applied to the upper cervical vertebra. Then, the stress of anatomical structure of the
axis ring was analyzed, based on the results of finite element analysis. Results: A three—dimensional model of

which had 1,315,238 units and 305,789 nodes. The

finite element model was also validated. The stress of axis ring was mainly distributed in the area between

CO-C3 was successfully established in this experiment,

posterior 1/4 of bilateral superior articular process and pediculoisthmic components(PIC) while point A bearing
1400N force. The stress of axis ring was mainly distributed in the area between posterior 1/3 of bilateral
superior articular process and PIC while point B bearing the force. The stress of axis ring was mainly
distributed in the posterior 1/3 of the superior articular process to the posterior vertebral body of the odontoid

and the PIC,
The stress of axis ring was mainly distributed in the vertebral body and the edge

process on the left side, inferior articular process and lamina on the right side while point C
and D bearing the forces.
When the cervical

of bilateral superior articular processes while point E bearing the force. Conclusions:

vertebra was subjected to hyperextension and axial compression force, the stress of axis ring was mainly
distributed in the area between the posterior quarter of bilateral superior articular process and PIC,

And this kind of force might

also cause bilateral fractures of superior facet and/or posterior vertebral wall fracture of C2,

causing
ARF pattern with bilateral or unilateral PIC fracture of C2 as the core feature.
with basically
parallel or symmetrical fracture lines. When the cervical vertebra was subjected to hyperextension and axial
compression accompanied by rotational force, the stress of the axis ring was concentrated between superior
articular process on one side and the posterior vertebral body of the odontoid process and the contralateral

PIC,

wall of the vertebral body of C2 and another contralateral fracture of different structures as the core feature.

inferior articular process and lamina, causing ARF with one fracture of superior facet and/or posterior

And such force in some cases might result in bilateral fractures of superior facet and/or posterior vertebral

wall fracture of C2,

the case of hyperflexion and axial compression force,

vertebral body and the edge of bilateral superior articular processes,

fractures of the axis or complex axis ring fractures.

with longitudinal fracture line on one side and transverse fracture line on the other. In

the stress of axis ring was mainly distributed in the

revealing a high incidence of body
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Table 1 Material properties and mesh types of the finite element model of C0-C3

1o

F1 CO-C3=#4#FRTEBZARTOMRBEE M ATER

i

A B (mm?)

F Y THAR . SSTve Rl
47!($ L4k (MPa) .FEM,\LE, . Cross—sectional S
Spinal level T ) Poisson’s ratio e Element type
Young's modulus area
P
B C0-C3 12000 0.29 - €3D4
Cortical bone
Fm C1-C3 450 0.2 - C3D4
Cancellous bone
S e fof L
f? it €0-C3 10.4 0.4 - C3D8
artilage
2R
End plate €2-C3 500 0.4 - C3D8
(T €2-C3 1 0.49 - €308
ucleus
2 Y R
i C2-C3 110 03 - C3Ds
Annulus ground substance
EPUESR AT A €2-C3 3.4 0.4 - T3D2
Annulus fibrosus
IENDEH -
Anterior longitudinal ligament €0-C3 10 03 6 13D2
EEN L .
Posterior longitudinal ligament €2-G3 10 03 3 13D2
P c1-C3 15 0.3 10 T3D2
nterspinous ligament
KA AR C0-C3 10 0.4 46 T3D2
Capsular ligament
lﬁi*ﬁl‘ﬁﬂ%ﬂ% ) C1-C3 10 0.3 5 T3D2
ntertransverse ligament
REcEs i C0-C2 10 0.3 5 T3D2
Apical ligament
POl C0-C2 5 0.4 2 T3D2
Alar  ligament
BR C0-C2 10 03 6 302
Tectorial membrane
LU cl 20 0.3 5 302
ransverse lgamem
R C1-c3 15 03 5 302

Ligamentum flavum
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Figure 1 A and B showed the CO-C3 three—dimensional model after materialization process, C and D showed the

C0-C3 three—dimensional finite element model
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Figure 2 Five force bearing points on the skull geometric model were selected: the middle of forehead (A, F), the front
middle of the top of head (B, G), the left side of the upper forehead (C, H), the left side of the front of the top of
head (D, 1) and the back of the occipital (E, J)

R2 AATHENEREREFARTREIIENNFELE CO-C3 EHETHZHFNE (°)
Table 2 Three—dimensional range of motion (ROM) of CO-C3 model in this study and previous finite element and
vitro biomechanical experiment
B A7 R C 25 S0

Range of motion of the biomechanical
experiment in previous finite element

AR 526 SHUME i 8l
Range of motion of the cervical
vertebra models in this study

WA AR S L) ) 2 S 25 )
Range of motion of data in previous
vitro biomechanical experiment

CO-1 C1-2 C2-3 CO-1 C1-2 C2-3 CO-1 C1-2 C2-3
Ja
Flexion and 30.5 28.3 8.2 20.3 23.5 9.7 26.0+8.0 25.0+12.0 6.8+3.0
extension
]gmin% 10.7 9.2 7.5 6.1 6.7 12.7 8.5+3.0 6.3+4.0 9.5+4.0
i 10.1 51.57 34 9.6 58.3 5.6 9.8+2.0 55+10.0 5.2+3.0

Torsion
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Figure 3 The diagram of stress distribution of axis ring under different forces: A-C, force on the the middle of
forehead, upper view, lower view and view of the coronal section; D-F, force on the front middle of the top of head,
upper view, lower view and view of the coronal section; G-I, force on the left side of the upper forehead, upper view,
lower view and internal view of right isthmus—pedicle; J-L, force on the left side of the front of the top of head, upper
view, lower view and internal view of right isthmus—pedicle; M-0, force on the back of the occipital, upper view, lower

view and view of the coronal section (odontoid—vertebral body)
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Table 3 Stress distribution of axis ring in CO-C3 finite element model under different forces
o 5 L A3 53 A1
Z I B L Ei(i/[({)\z)jj Stress distribution
Force—bearing Iniury hani Maxi
oint njury mechanism aximum ] ] ]
p stress ZEM Left side i Right side
R S A 16 T 4 5 ) ERWRE 14 Z PIC ZIM KR ESRASE 1/4 2 PIC Z A X5k
A Moderate hyperextension and 610.8 Posterior 1/4 of bilateral superior Posterior 1/4 of bilateral superior
axial compression force articular process and PIC articular process and PIC
R I b+ 1) T 2 BT 1/3 Z PIC ZIM KR BAYSE 1/3 % PIC Z [ Xk
B Mild hyperextension and axial 376.1 Posterior 1/3 of bilateral superior Posterior 1/3 of bilateral superior
compression force articular process and PIC articular process and PIC
ﬁ1$+$ﬂll‘nﬂl£§ﬁ1#¢f§ﬁﬁ%%ﬁ Lﬁ%%ﬁﬁﬁ*ﬁmﬁﬁﬁﬁwzm PIC . F 2675 58 AR
Hyperextension and axial The area from superior articular P P ;
C - ied b 598.0 . ; PIC,inferior articular process and
compression accompanied by process to the lateral and posterior lami
mild rotational force odontoid process amina
ol AP Al S 246 Y B TR e 2R ) T 2 VR S I 5 MR 2 ] ‘
D Hyperextension and axial 607.2 The area from superior articular PICHITF 655
compression accompanied by : process to the lateral and posterior  PIC and inferior articular process
moderate rotational force odontoid process
aob Je i i VR 4 A T A R 1 06 58 i 2% LA RS UE S
E Hyperflexion and axial 377.2 Vertebral body and the edge of  Vertebral body and the edge of

(:ompression force

superior articular processes

superior articular processes

Bl 4 ARF =4k CT 43 BURER MRS A1.A2 . B1,B2.C1 M2 C2 BUE 4. A1 B, XU PIC XS FR & 4 ;A2 B —fl PIC

1, 55— S5 BN I ;B B, — ] b 575 S8 —HE MR BE B 37, %0 PIC B 47 ;B2 B, — ] I 55 5% —#E 1A 5 BE
1, JPMR ST T MR B AT 5 C1 B, U b G 58 —MEM S BEB AT, U T 2 R A AT sl R A €2 B, U B G
JE-MEMR G BE B 4T, B T 2T A

Figure 4 The diagram of ARF

sequence: Al, bilateral PIC symmetry fractures; A2, one PIC fracture on one side and an inferior facet or lamina frac-

iE
L&
Bl

three—dimensional CT classification, showing A1, A2, B1, B2, C1 and C2 fractures in

ture on the other side; Bl, one fracture of superior facet and posterior wall of vertebral body on one side combined with
contralateral PIC fracture; B2, {fractures of superior facet and posterior wall of the vertebra on one side combined with
contralateral inferior facet or lamina fracture; C1, bilateral fractures of superior facet and/or posterior wall of the vertebra
on different side, and fracture lines were basically parallel or symmetrical; C2, bilateral fractures of superior facet and/or

posterior wall of the vertebra on different side, and fracture lines angulared to each other
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