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Biomechanical study of C1 posterior arch
crossing screw and C2 lamina screw
fixations for atlantoaxial joint instability
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Abstract

Background: The biomechanics of C1 posterior arch screw and C2 vertebral lamina screw techniques has not been
well studied, and the biomechanical performance of the constructs cannot be explained only by cadaver testing.

Methods: From computed tomography images, a nonlinear intact three-dimensional C1-2 finite element model
was developed and validated. And on this basis, models for the odontoid fractures and the three posterior internal
fixation techniques were developed. The range of motion (ROM) and stress distribution of the implants were
analyzed and compared under flexion, extension, lateral bending, and axial rotation.

Results: All three kinds of fixation techniques completely restricted the range of motion (ROM) at the C1-2
operative level. The C1-2 pedicle screw fixation technique showed lower and stable stress peak on implants. The C1
posterior arch screw + C2 pedicle screw and C1 pedicle screw + C2 lamina screw fixation techniques showed
higher stress peaks on implants in extension, lateral bending, and axial rotation.

Conclusions: As asymmetrical fixations, C1 posterior arch screw + C2 pedicle screw and C1 pedicle screw + C2
lamina screw fixations may offer better stability in lateral bending and axial rotation, but symmetrical fixation C1-2
pedicle screw can put the implants in a position of mechanical advantage.
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Background
Odontoid fracture with atlantoaxial dislocation is a ser-
ious injury impacting on the stability of the atlantoaxial
joint. Atlantoaxial instability may result in disabling pain,
cranial nerve dysfunction, paresis, and even sudden
death [1]. Most of the odontoid fracture associated with
atlantoaxial dislocation requires surgical intervention.
Surgical fixation of atlantoaxial instability is a challen-
ging procedure due to the complex anatomy, special
physiological motion, and individual variation. Currently,

posterior screw-rod fixation has been used widely in
upper cervical spine fusions. The main reason is that it
can provide excellent biomechanical stability when com-
pared with Gallie wires, Brooks wires, Halifax interlami-
nar clamps, and Apofix laminar hooks [2–5]. Gradually,
the transpedicular screw technique has been regarded as
the gold standard for spine fusion. However, C1 pedicle
screws need to go through the vertebral artery groove,
which may place the vertebral artery (VA) at risk, while
C2 pedicle screws often face difficulty in screw place-
ment due to the variable locations of foramen transver-
sarium. This results in a rate of vertebral artery injury
that can be as high as 20% [6, 7].
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To address these concerns, C1 posterior arch screw
(C1PAS) fixation and C2 lamina screw (C2LS) fixation
have been emerging as a useful stabilization technique in
recent years. In 2000, Floyd and Grob [8] first used C1
posterior arch screws to fix grafts during C1-2 fusion in
five patients and achieved good clinical results. Donnel-
lan et al. [9] used these techniques when the posterior
C1 arch was deficient and obtained ideal postsurgical
outcomes. In 2013, Guo-Xin et al. [10] designed C1 pos-
terior arch crossing screw fixation both to avoid disturb-
ing the heads and to increase the lengths of the screws.
They studied its feasibility on the basis of anatomical
measurements and in vitro biomechanical testing. As for
C2 fixation, Wright [5] first proposed the use of C2
translaminar screws, which was shown to provide
equivalent stability to C1 lateral mass screws and C2
pars screws by biomechanical analysis [11–13]. Some
in vitro testing and short-term follow-up studies showed
that the C2 laminar screw fixation provides equal stiff-
ness to the pedicle screw fixation [12, 14, 15]. In
addition, these constructs posed no risk of injury to the
vertebral artery (VA) and were further shown to be a
good alternative in clinical practice.
To date, cadaveric biomechanical studies of C1 poster-

ior arch screw and C2 vertebral lamina screw fixations
have been performed, but the biomechanical perform-
ance of the constructs cannot be well studied only by
the cadaver testing. The clinical application of both tech-
niques was hindered all along due to a lack of precise
theoretical analysis. The purpose of this study was to in-
vestigate the biomechanical properties of C1 posterior
arch screw and C2 vertebral lamina screw fixations for
the atlantoaxial instability to compare their stability and
stress distribution of the implants against that of pedicle
screw fixation.

Methods
Establishment and validation of finite element model of
normal atlantoaxial vertebra
This study was supported by Sheng Jing Hospital affili-
ated to China Medical University. A detailed, anatomic-
ally accurate three-dimensional finite element model
(FEM) of the atlantoaxial vertebra was developed based
on CT images of a healthy 25-year-old male volunteer
(weight 70 kg, height 175 cm) by simpleware 6.0. The
vertebral geometry data for the atlantoaxial vertebrae
were obtained from the 0.5-mm-thickness CT scans
(transverse slices). In brief, the established occipital-
atlanto-axial complex shown in Fig. 1 contained the fol-
lowing major components: the lower part of the occipital
(C0), atlas (C1), axis (C2), and intervertebral cartilage;
eight key ligaments—transverse ligament (TL), anterior
and posterior longitudinal ligaments (ALL and PLL),
capsular ligament (CL), flavum ligament (LF), apical

Fig. 1 Finite element model of atlantoaxial

Table 1 Material property, designations, and element number of the finite element model

Component Element type E (MPa) ʋ Cross-sectional area (mm) Element number

Cortical C3D15, C3D10M 1200 0.29 – 187865

Cancellous C3D10M 450 0.29 – 132759

Cartilago articularis C3D10M 10 0.3 – 11343

TL S8R 20 0.3 – 114

ALL T3D2 54.5 0.3 6.1 6

PLL T3D2 20 0.3 5.4 6

CL T3D2 20 0.3 46.6 25

LF T3D2 1.5 0.3 50.1 5

LAD T3D2 10 0.3 5.0 3

AL T3D2 7 0.3 22.0 2

MT T3D2 10 0.3 6.0 5

Suboccipital group T3D2 150 0.2 – 8

Implant C3D8 110,000 0.33 –
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ligament of dens (LAD), alar ligament (AL), and mem-
branae tectoria (MT); and suboccipital muscle group, in-
cluding rectus capitis posterior (RCP) major and RCP
minor muscles, musculus obliquus capitis superior, and
musculus obliquus capitis inferior. The vertebral bodies
were composed of a cancellous bone core and a 1-mm-
thick cortical mask. All ligaments were subjected to only
tension and were therefore set as “no compression” in
hypermesh during meshing, to ensure that all the liga-
ments produce force when pulled. The material parame-
ters and the type and number of elements for each part
are summarized in Table 1 [7–9].
To validate our model, we compared the range of mo-

tion (ROM) of the C0-1 and C1-2 segments of the intact
FEM with the results of the cadaveric experiment by Pan-
jabi et al. [10] and the upper cervical finite element ana-
lysis by Brolin et al. [5, 11], under the same boundary and
loading conditions. Using the principle of Panjabi’s bipla-
nar stereoscopic technique, the ROM of the atlantoaxial
segments was calculated based on nodal displacement.

Our results showed reasonable agreement with that of
Panjabi’s cadaveric experiment and Karin Brolin and
Zhang’s finite element study, as presented in Table 2.

Static analysis of the three kinds of fixations
The FEM of intact atlantoaxial vertebrae was employed
to develop the model of odontoid fracture. Screw-rod
fixator models were created based on the universal cer-
vical polyaxial screw (3.5 mm diameter, 24 mm length)
manufactured by Shandong Weigao Orthopedic Mate-
rials Co. Ltd. The internal fixators were implanted into
the odontoid fracture model with the conventional sur-
gical approach using the three techniques: C1-2 pedicle
screws (C1PS + C2PS), C1 posterior arch screw + C2
pedicle screw (ClPAS + C2PS), and C1 pedicle screw +
C2 lamina screw (C1PS + C2LS), as shown in Fig. 2.
As the stiffness of implant is much larger than the

human bone tissue, embedding constraints were used
between the inserted part of the screw and the

Table 2 Predicted ROMs under different physiological conditions compared with other studies

Load Segments Panjabi 1991 Karin Brolin 2004 Hao Zhang 2007 This study

Flexion C0-1 14.4 ± 3.2 18.2 14.5 8.34

C1-2 12.7 ± 3.2 11.3 15.0 11.2

Extension C0-1 14.4 ± 3.2 10.5 13.3 8.69

C1-2 10.5 ± 5.0 14.0 12.7 7.33

Lateral bending C0-1 5.6 ± 3.0 3.0 5.5 3.61

C1-2 12.6 ± 7.0 4.0 5.9 5.17

Axial rotation C0-1 3.3 ± 2.3 6.1 8.5 4.7

C1-2 37.4 ± 9.0 23.3 30.6 28.34

Fig. 2 Odontoid fractures and three fixation models of atlantoaxial Fig. 3 Loading of the finite element models
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Table 3 Segmental ROM of each group under different loading conditions

Flexion (°) Extension (°) Lateral bending (°) Axial rotation (°)

Intact C0-1 8.34 8.69 3.61 4.7

C1-2 11.2 7.33 5.17 28.34

C0-2 19.54 16.02 8.78 33.04

C1PS + C2PS C0-1 4.3 3.77 3.4 5.4

C1-2 0.6 0 1.1 0.6

C0-2 4.87 3.77 4.35 5.82

ClPAS + C2PS C0-1 5.1 4.4 2.8 4.6

C1-2 0 0.2 0.3 0.4

C0-2 5.1 4.64 3.05 4.9

ClPS + C2LS C0-1 4.49 3.8 3.1 3.9

C1-2 0.2 0.3 0.2 0.3

C0-2 4.69 3.85 3.2 4.1

Fig. 4 Stress distribution nephograms of implants for the three fixation models when tested in a flexion, b extension, c lateral bending, and d
axial rotation after applying a 40-N vertical downward force and a 1.5-N m moment
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surrounding bone. The interactions among the verte-
bral body, cartilage, screw, and rod were defined as
binding constraints. The lower surface of the axis was
completely restrained; a control point was created on
the upper surface of the occipital bone and coupled
with all the nodes on the top of the occipital bone. A
40-N vertical downward force and a 1.5-N m moment
[16] were applied on the control point along the di-
rections of X, −X, Y, and Z axes, respectively, to
simulate flexion, extension, lateral bending, and axial
rotation of the atlantoaxial joint, as shown in Fig. 3.

Results
Three-dimensional angular ROM of the constructs
All constructs significantly reduced ROM at operative
levels compared with the intact model. In comparison
with the C1PS + C2PS model, the C1PAS + C2PS
model increased the ROM by 4.7% and 23.1% in
flexion and extension, respectively, and reduced the
ROM by 29.9% and 15.8% in lateral bending and axial
rotation, respectively; the ClPS + C2LS model reduced
the ROM by 3.7%, 26.4%, and 29.6% in flexion, lateral
bending, and axial rotation, respectively, and increased
the ROM by 28.6% in extension. Segmental ROMs of
each model are summarized in Table 3.

The stress distribution on the implants
The von Mises stress contour plot (Fig. 3) showed
the similar stress distributions of three constructs in
the state of equilibrium under the different loading
conditions. Implants of all constructs had the max-
imum stress in extension among the four loading
conditions; stress peaks of C1PS + C2PS, ClPAS +
C2PS, and ClPS + C2LS models were 45.94 MPa,
97.69MPa, and 77.34 MPa, respectively (Fig. 4). The
ClPAS + C2PS model generated the highest stress
under all loading conditions except in flexion. The
C1PS + C2PS group showed lower stress levels in all
loading conditions, although the peak stress was
higher than the other two configurations in flexion.

Comparison of maximum stress of vertebral bodies
The maximum stresses of vertebral bodies mainly oc-
curred at the interaction between the screw and the
bone. Figure 5 shows that the C1PS + C2PS model had
the higher peak stress in flexion and extension and lower
peak stress in lateral bending and axial rotation than that
of the other two models. The ClPAS + C2PS model still
generated the higher peak stress under all loading condi-
tions except in flexion.

Discussion
For many years, clinical and experimental studies have
indicated that pedicle screw fixation performs well in

biomechanical stability. However, the variations of the
atlas or axis always result in difficulty in implanting ped-
icle screws. Fixation techniques of atlas posterior arch
screw and axis laminar screw are gradually becoming
important supplement methods. Some literature re-
ported that these two fixation techniques can provide
comparable stability compared with pedicle screws for
the unstable atlantoaxial vertebrae [12, 13]. Few pub-
lished papers have discussed the different biomechanical
effects of the three methods and provided amply illus-
trated reports. In the background of the rapid develop-
ment of digital medicine, in-depth biomechanical studies
based on numerical simulation can effectively supple-
ment informative data that cannot be obtained through
short-term clinical monitoring. This research investi-
gated the mechanism of screw-rod fixation system for
atlantoaxial instability, employing classical three-column
theory of the spine. The findings can provide theoretical
support for the study of atlantoaxial fixation and guide
the selection of clinical surgery.
Guo-Xin et al. [10] studied the feasibility and stability

of C1 posterior arch crossing screw and concluded that
the PAS rod-screw systems could significantly reduce
flexibility in flexion, extension, and rotation compared
with the intact model. Wright [5] first reported C2 lam-
inar screw technique, which was shown to provide
equivalent acute stability to C2 pars screws by

Fig. 5 Comparison of stress peaks for implants

Fig. 6 Comparison of stress peaks for vertebral bodies
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biomechanical analysis. Benke et al. [17] recently re-
ported biomechanical results comparing pedicle and
lamina screws in C2-6 constructs and found laminar
screws in C2-6 constructs were equivalent to transpedi-
cular fixation in flexion-extension and were significantly
more rigid in axial rotation and less rigid in lateral bend-
ing than pedicle screws. However, these authors did not
give some theoretical analysis about the subtle differ-
ences among these techniques. Our finding suggests that
the ClPAS + C2PS and ClPS + C2LS models may offer
equivalent stability to the C1PS + C2PS model in flexion,
lower stability in extension, and higher stability in lateral
bending and axial rotation. Fixation stability mainly de-
pends on the anchoring range and kinematics of atlan-
toaxial vertebra. For C1PS + C2PS fixation, four screws
inserted through the posterior part of the vertebral body
to the front form a three-column fixation; for ClPAS
and C2LS, anchoring area of the screws did not arrive in
the anterior column, and that may explain why the ClPAS
+ C2PS and ClPS + C2LS models offered lower stability in
extension (Fig. 6). Besides, unlike the C1PS + C2PS fix-
ation, the ClPAS and C2LS techniques belonged asym-
metrical cross fixation, which may have effects on
resistance to lateral bending and axial rotation.
Stress distribution on the implants is closely related to

the long-term stability of fixation techniques. But much
work has not been focused on investigating it. Middle and
posterior portions of the screws were stress-concentrated
areas. This was because the screws required to transmit
the mechanical load to the rear rods. When compared with
the C1PS + C2PS fixation, the ClPAS + C2PS and ClPS +
C2LS showed high stress peaks on implants in extension,
lateral bending, and axial rotation consistently, which indi-
cated asymmetric fixations may result in high stress on the
implants. And it demonstrates that symmetrical internal
fixation can effectively improve the stress distribution of
implanted segments under normal physiological loads and
provide a stable force environment for the implants. Com-
pared with ClPAS + C2PS, C1PS + C2LS showed lower
stress peak in flexion, extension, and lateral bending, with
similar value in axial rotation. Based on the classical three-
column fixation theorem [18], the anchoring length of C1
posterior arch screw is shorter than that of the C2 lamina

screw along the direction from the posterior column to the
anterior column (Fig. 7). Load transmission among atlan-
toaxial complex can spread to the anterior, middle, and
posterior columns, in flexion, extension, and lateral bend-
ing. However, atlantoaxial mechanical mechanism does not
follow the three-column theorem in axial rotation. There-
fore, ClPAS + C2PS and ClPS + C2LS groups had the same
stress peak on implants in axial rotation. The peak stress of
the vertebra generally appeared along the adjacent area be-
tween the bone and screws. The C1PS + C2PS fixation led
to high stress in flexion-extension. It could be that the
three-column fixation caused strong interaction since its
strong biomechanical strength in anchoring along flexion-
extension direction (Fig. 7). The ClPAS + C2PS and ClPS
+ C2LS fixations led to high stress in lateral bending and
axial rotation, which reflected the crossing screw fixation
provided better effect on anti-bending and anti-rotation
from the side.

Conclusions
From the mechanical viewpoint, the ClPAS + C2PS and
ClPS + C2LS fixations may offer higher stability to ClPS +
C2PS in lateral bending and axial rotation, but the ClPS +
C2PS can put the implants in a position of mechanical
advantage.

Abbreviations
AL: Alar ligament; ALL: Anterior longitudinal ligament; C0: Lower part of the
occipital; C0-1: Lower part of the occipital and atlas; C1: Atlas; C1-2: Atlas and
axis; C1PS: C1 pedicle screw; C2: Axis; C2LS: C2 lamina screw; C2PS: C2
pedicle screw; CL: Capsular ligament; ClPAS: C1 posterior arch screw;
FEM: Finite element model; LAD: Apical ligament of dens; LF: Flavum
ligament; MT: Membranae tectoria; PLL: Posterior longitudinal ligament;
RCP: Rectus capitis posterior; ROM: Range of motion; TL: Transverse ligament

Acknowledgements
The authors thank the Department of Pediatric Orthopedics, Shengjing
Hospital of China Medical University, for the provision of raw CT data and
the anonymous reviewers and copy editor for valuable comments proposed.

Authors’ contributions
CL carried out the construction of the finite element model, completed the
mechanical analysis work, and also drafted the manuscript. AK completed
the screw placement on the atlantoaxial model, provided useful clinical
advice, and revised the paper from the angle of an orthopedist. YHY
modified the paper and put forward some positive ideas, such as the overall
framework and the limitation of the study, and at the same time made the
final edition. All authors participated in every revision and improvement of

Fig. 7 Comparison of anchoring range for a PS, b C1PAS, and c C2LS

Liu et al. Journal of Orthopaedic Surgery and Research          (2020) 15:156 Page 6 of 7



the manuscript. Absolutely, we declare all authors have read and approved
the manuscript.

Funding
This work is supported by the Fundamental Research Funds for the Central
Universities (N150308001).

Availability of data and materials
Corresponding author CL can be contacted to request the raw data.

Ethics approval and consent to participate
We have obtained verbal consent from this patient for his data to be used in
our study. The main reason is that he did not think there could be anything
damaging on him. And the ethics committee approved this procedure. So
this research involving human data has been approved by the Medical Ethics
Committee, Shengjing Hospital of China Medical University, and the
reference number is 2017PS059K.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1State Key Laboratory of Mechanical Behavior and System Safety of Traffic
Engineering Structures, Shijiazhuang Tiedao University, Shijiazhuang 050000,
Hebei, People’s Republic of China. 2Department of Pediatric Orthopedics,
Shengjing Hospital of China Medical University, Shenyang 110004, Liaoning,
People’s Republic of China. 3School of Mechanical Engineering &
Automation, Northeastern University, Shenyang 110819, Liaoning, People’s
Republic of China.

Received: 13 October 2019 Accepted: 17 February 2020

References
1. Crooks F, Birkett AN. Fractures and dislocations of the cervical spine. Brit J

Surg. 2010;31:252–65.
2. Brooks AL, Jenkins EB. Atlanto-axial arthrodesis by the wedge compression

method. J Bone Joint Surg Am Vol. 1978;60:279–84.
3. Holness RO, Huestis WS, Howes WJ, et al. Posterior stabilization with an

interlaminar clamp in cervical injuries: technical note and review of the long
term experience with the method. Neurosurgery. 1984;14:318–22.

4. Grob D, Rd CJ, Panjabi MM, et al. Biomechanical evaluation of four different
posterior atlantoaxial fixation techniques. Spin. 1992;17:480–90.

5. Wright NM. Posterior C2 fixation using bilateral, crossing C2 laminar screws:
case series and technical note. J Spinal Disord Tec. 2004;17:158–62.

6. Sciubba DM, Noggle JC, Vellimana AK, et al. Laminar screw fixation of the
axis. J Neurosurg-Spine. 2008;8:327–34.

7. Resnick DK, Lapsiwala S, Trost GR. Anatomic suitability of the C1-C2
complex for pedicle screw fixation. Spine. 2002;27:1494–8.

8. Floyd T, Grob D. Translaminar screws in the atlas. Spine. 2000;25:2913–5.
9. Sergides I, Donnellan M, Appleyard R, et al. Atlantoaxial stabilization using

multiaxial C-1 posterior arch screws. J Neurosurg Spine. 2008;10:522–7.
10. Guo-Xin J, Huan W, Lei L, et al. C1 posterior arch crossing screw fixation for

atlanto-axial joint instability. Spine. 2013;38:1397–404.
11. Jr LR, Dmitriev AE, Helgeson MD, et al. Salvage of C2 pedicle and pars

screws using the intralaminar technique: a biomechanical analysis. Spine.
2008;33(9):960–5.

12. Gorek J, Acaroglu E, Berven S, et al. Constructs incorporating intralaminar C2
screws provide rigid stability for atlantoaxial fixation. Spine. 2005;30:1513–8.

13. Claybrooks R, Kayanja M, Milks R, et al. Atlantoaxial fusion: a biomechanical
analysis of two C1-C2 fusion techniques. Spine J. 2007;7:682–8.

14. Matsubara T, Mizutani J, Fukuoka M, et al. Safe atlantoaxial fixation using a
laminar screw (intralaminar screw) in a patient with unilateral occlusion of
vertebral artery: case report. Spine. 2007;32:30–3.

15. Lapsiwala SB, Anderson PA, Oza A, et al. Biomechanical comparison of four
C1 to C2 rigid fixative techniques: anterior transarticular, posterior
transarticular, C1 to C2 pedicle, and C1 to C2 intralaminar screws.
Neurosurgery. 2006;58:516–21.

16. Cai XH, Liu ZC, Yu Y, et al. Evaluation of biomechanical properties of
anterior atlantoaxial transarticular locking plate system using three-
dimensional finite element analysis. Eur Spine J. 2013;22:2686–94.

17. Benke MT, O’Brien JR, Turner AWL, et al. Biomechanical comparison of
transpedicular versus intralaminar C2 fixation in C2–C6 subaxial constructs.
Spine. 2011;36:33–7.

18. Denis F. Spinal instability as defined by the three-column spine concept in
acute spinal trauma. Clin Orthop Relat R. 1984;189:65–76.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Liu et al. Journal of Orthopaedic Surgery and Research          (2020) 15:156 Page 7 of 7


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Establishment and validation of finite element model of normal atlantoaxial vertebra
	Static analysis of the three kinds of fixations

	Results
	Three-dimensional angular ROM of the constructs
	The stress distribution on the implants
	Comparison of maximum stress of vertebral bodies

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

