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Results  All fixation groups reduced flexibility in all direc-
tions compared with both control group and destabilization 
group. Furthermore, comparisons among different fixation 
groups showed that bilateral C1–C2 PS–rod (Group B), uni-
lateral C1 PAS + C2 LS combined with an ipsilateral paral-
leled C1–C2 PS–rod (Group C) and unilateral C1 PAS + C2 
LS combined with an ipsilateral crossed C1–C2 PS–rod 
(Group D) could provide a better stability, respectively, in all 
directions than unilateral C1–C2 PS–rod (Group A). How-
ever, no statistical significance was observed among Groups 
B, C, and D. Data from pullout strength test showed that 
both C1 PS (585 ± 53 N) and PAS (463 ± 49 N) could pro-
vide high fixed strength, although PS was better (P = 0.009).
Conclusion  The surgical technique of unilateral C1 
PAS + C2 LS combined with a ipsilateral crossed C1–C2 
PS–rod fixation could provide a better stability than the tra-
ditional unilateral PS–rod fixation and a same stability as 
bilateral PS–rod fixation, but with less risk of neurovascu-
lar injury. Therefore, this new technique may provide novel 
insight for an alternative of atlantoaxial instability treatment.

Keywords  Atlantoaxial instability · Atlantoaxial 
fixation · Unilateral · Biomechanics · C1 posterior arch 
screw · Laminar screw

Introduction

The atlantoaxial complex, which is composed of atlas (C1), 
axis (C2), and articulating surfaces, plays an essential role 
in ensuring cervical movements, including flexion, exten-
sion, lateral bending, and rotation. Since the intervertebral 
disc between C1 and C2 vertebrae is absent, the stability of 
atlantoaxial complex mainly relies on the joints’ articular and 
osseous structures along with surrounding ligaments [1, 2]. 

Abstract 
Introduction  Current surgical methods to treat atlan-
toaxial instability pose potential risks to the surrounding 
blood vessels and nerves of operative approach. Therefore, 
more secure and highly effective methods are expected. This 
study sought to assess the biomechanical efficacy of a novel 
unilateral double screw–rod fixation system by comparing 
with traditional and emerging fixation methods in cadaveric 
models.
Materials and methods  Ligamentous cervical spines (C0–
C7) from ten fresh cadaveric specimens were used to com-
plete range of motion (ROM) test in their intact condition 
(control group), destabilization, and stabilization after differ-
ent fixations, including unilateral C1–C2 pedicle screws (PS) 
with a screw–rod system (Group A), bilateral C1–C2 PS 
with screw–rod systems (Group B), unilateral C1 posterior 
arch screws (PAS) and C2 laminar screws (LS) combined 
with an ipsilateral paralleled C1–C2 PS–rod (Group C), 
and unilateral C1 PAS and C2 LS combined with an ipsilat-
eral crossed C1–C2 PS–rod (Group D). After that, pullout 
strength test was performed between PS and PAS using ten 
isolated atlas vertebras.
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The biomechanical properties of atlantoaxial joint are very 
complex due to the unique anatomic feature and some injury 
factors, such as trauma, arthritis, tumor, infection, or congeni-
tal malformation,will lead to atlantoaxial instability, result-
ing in severe pain, mobility impairment, neurologic damage, 
and even death [3, 4]. Therefore, the biomechanical studies 
of different fixation methods for C1–C2 stabilization are very 
important for providing suitable surgical options to achieve 
effective decompression and stable reconstruction.

To achieve solid intervertebral fusion, minimized motion is 
required by surgical fixation. To date, the fixation techniques for 
atlantoaxial instability are mainly divided to two types, includ-
ing anterior transoral plate fixation methods and posterior atlan-
toaxial fixation techniques [5, 6]. Kandziora et al. suggested that 
anterior transoral plate fixation approach was a good alternative 
to established posterior atlantoaxial fixation procedures when 
faced with revision posterior surgery, anomalous vascular anat-
omy, hypoplastic bone morphology, or deficit [7, 8]. Posterior 
atlantoaxial fixation techniques had been widely used in provid-
ing rigid C1–C2 stability and could be categorized into six main 
types: wiring, interlaminar clamps, atlantoaxial transarticular 
screws, screw–plate system fixation, screw–rod system fixation, 
and hook–screw system fixation techniques [9]. Early methods 
including posterior wiring, C1 clamps, and transarticular screws 
could not achieve stable fixation in all directions and they were 
technically demanding to avoid spinal cord or vertebral artery 
(VA) injury. The C1 lateral mass screw (LMS) was recom-
mended by Harms et al. [10] to minimize the risk of VA injury 
using polyaxial screws and rods. Moreover, C1 LMS had been 
proved to provide positive clinical outcomes in conjunction with 
the use of C2 pedicle screws (PS). Subsequently, some other 
modifications were introduced to replace C1 LMS with C1 PS 
which were placed into the lateral mass via posterior arch.

Currently, it is a general consensus to apply screw fixation 
when treating atlantoaxial instability so as to obtain greater rigid-
ity [5, 6]. However, it might still be challenging due to the high 
risk of VA injury, resulting in troublesome bleeding and even cer-
ebral infarction [4]. The demand of more secure and highly effec-
tive techniques continuously increased, especially when dealing 
with anatomical variation or iatrogenic injury. In this study, we 
designed a new unilateral C1 posterior arch screws (PAS) and C2 
laminar screws (LS) combined with an ipsilateral crossed C1–C2 
PS–rod fixation technique and compared it with traditional and 
emerging fixation methods via biomechanical evaluations.

Materials and methods 

Specimens

Approved by the medical ethics committee of institutional 
review board, ten fresh-frozen ligamentous cervical spines 

(C0–C7) obtained from six males and four females donated 
cadavers were used in this biomechanical study. The mean 
age of cadavers was 52 years (range 27–68 years) and all 
specimens were examined to exclude bony abnormalities via 
radiography. The bone mineral density (BMD) of each speci-
men was measured with Norland-XR36 dual-energy X-ray 
absorptiometry (DEXA). The mean BMD of the atlas was 
0.71 ± 0.05 g/cm2 (range 0.67–0.76 g/cm2) and the mean 
BMD of the axis was 0.69 ± 0.04 g/cm2 (range 0.65–0.74 g/
cm2). There are no significant differences between groups in 
sex, age, and BMD. Qualified specimens were kept in dou-
ble-bag and frozen at −20 °C until use. Before experiment, 
specimens were thawed at 4 °C for 12–18 h and prepared by 
dissecting the surrounding tissue and muscle, while cervical 
discs, ligament, and joint capsule were carefully preserved. 
Saline was sprayed the whole process to keep specimens moist 
[11]. The C0–C7 vertebras were then embedded in a custom-
made metal mold containing polymethylmethacrylate cement.

Surgical techniques

For C1 and C2 PS placements, after exposing and detect-
ing the posterior bone structure in C1 and C2 planes, entry 
points of C1 and C2 pedicle were selected. Using the drill, 
the cavity was identified carefully and multiaxial screws 
were placed along the pedicle.

For C1 PAS placement, after exposing the posterior arch, 
the entry point was identified approximately 4–5 mm from 
the posterior tubercle. Using the drill, the cavity was identi-
fied carefully and multiaxial screw was then placed along 
the contralateral arch.

For C2 LS placement, after exposing the junction of the 
C2 spinous process and lamina, the entry point was identi-
fied at the junction point. Using the drill, the cavity was 
identified carefully and multiaxial screw was then placed 
along the contralateral lamina.

All screws used in this study were provided by Medtronic-
Kanghui medical company and all screws were cortical 
screws with a diameter of 3.6 mm and a length of 22 mm.

Range of motion (ROM) test

The cervical specimen was fixed on MTS 858 Mini Bionix II 
test system (MTS Systems Corp, Eden Prairie, Minnesota). 
Quasi-static loads were applied to specimens using a testing 
system of cables and pulleys, generating pure moments to 
induce four loading modes: extension, flexion, lateral bend-
ing, and axial rotation. Each moment was generated using 
three load–unload cycles of a maximum torque of 1.5 Nm at 
a rate of 0.1 Nm/s. The torque of 1.5 Nm was held constantly 
for 10 s to stabilize the mechanical response. In this case, the 
occipital cervical specimens can produce a maximum range 
of physiological movements without cause any damage to 
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themselves. To minimize the viscoelastic effect, each move-
ment was preloaded three times before the formal test and 
after each loading cycle, the test system was set to halt for 
30 s to minimize creep movement from the cervical spine to 
obtain stable results. Data were collected and stored auto-
matically in computer after the third loading. The 3D spine 
motion measurement system (Motion Analysis, co.6Eagle 
system) was used to process images for identifying, locat-
ing, and calculating markers of C1 and C2 positions in the 
space and to reconstruct 3D motion of the spinal segments.

Testing Sequence

Each cervical specimen was tested in the following 
sequence:

1.	 Intact condition (control group) Baseline values.
2.	 Destabilization Dissection of the atlantoaxial ligaments 

and procedure of odontoidectomy were performed to 
create destabilized condition. Each specimen was sta-
bilized after destabilization in the following sequence 
and the screws were not removed once placed to avoid 
bony-screw interference.

3.	 Group A Unilateral C1 PS + C2 PS with a screw–rod 
system (Fig. 1a).

4.	 Group B Bilateral C1 PS + C2 PS with screw–rod sys-
tems (Fig. 1b).

5.	 Group C Unilateral C1 PAS + C2 LS combined with 
an ipsilateral paralleled C1 PS + C2 PS–rod systems 
(Fig. 1c).

6.	 Group D Unilateral C1 PAS + C2 LS combined with 
an ipsilateral crossed C1 PS + C2 PS–rod systems 
(Figs. 1d, 2)

Pullout strength test

After motion measurement, ten atlas vertebras were isolated 
via stripping of the remaining soft tissue and reoriented 
individually in custom-made molds using polymethylmeth-
acrylate cement. The lateral mass and posterior tubercle of 
each vertebra were exposed (Fig. 3). Specimens were then 
placed in the materials testing machine (Material Test-
ing System Inc., Minneapolis, MN) with their PS or PAS 
attached to a custom clamp (Fig. 4). The screw pullout test 
was performed along the axis of the screw at a loading rate 
of 2 mm/min until an abrupt change in the curve slope of 
the loading displacement was noted. The axial pullout force 
was defined as the peak load-to-failure.

Statistical analysis

The results were presented as the mean ± SD. Statisti-
cal analyses were performed with Wilcoxon paired t test. 

Statistically significant differences were established at 
P < 0.05. Analyses were performed with SPSS Statistics, 
version 17.0 (SPSS Inc., Chicago, Illinois).

Results

ROM of the specimens in intact, destabilization, and stabi-
lization conditions after different fixations is summarized in 
Fig. 5 and Table 1. The average ROM in intact conditions 
was 12.42° ± 1.96° in flexion, 10.27° ± 1.20° in extension, 
9.82° ± 1.17° in total lateral bending, and 75.17° ± 4.76° in 
total axial rotation. Biomechanical results showed that the 
ROM in destabilization group significantly increased in all 
directions, compared with the intact conditions (P < 0.05 in 
all sub groups). However, after unilateral C1–C2 PS–rod fix-
ation (Group A), the ROM of C1–C2 significantly decreased 
compared with both intact and destabilization groups in all 
directions (P < 0.05 in all sub groups), indicating a reduc-
tion in C1–C2 flexibility which was caused by soft-tissue 
stripping and odontoidectomy.

As predicted, bilateral C1–C2 PS–rod fixation (Group 
B) could provide a better stability for C1–C2 segment than 
unilateral C1–C2 PS–rod fixation after destabilization in 
both flexion–extension and axial rotation aspects (P < 0.05 
in all sub groups). However, no statistical difference was 
observed in further comparisons among Group B, Group 
C, and Group D (P > 0.05 in all sub groups), suggesting a 
possible of equal biomechanical efficacy among these three 
fixation methods.

Data from pullout strength test (Table 2) showed that 
the pullout strength of PS and PAS was 585  ±  53 and 
463 ± 49 N, respectively. Although PS strength was a bit 
better than the PAS (P = 0.009), both PS and PAS could 
provide high fixed strength for C1–C2 segment.

Discussion

The atlantoaxial complex plays an essential role in ensur-
ing cervical movements during daily life, including flex-
ion, extension, lateral bending, and rotation. Atlantoaxial 
instability not only affects the quality of life, but also leads 
to severe pain, neurologic damage, and even death. Only 
few patients can receive good recovery with non-surgical 
treatment. Therefore, surgical intervention is always very 
necessary for treating atlantoaxial instability via creating 
C1–C2 stabilization, minimizing motion and achieving solid 
intervertebral fusion [12].

Various fixation techniques have been invented to treat 
atlantoaxial instability. Wiring fixation (Gallie and Brooks 
techniques) was the first one to introduce. Although it was 
technically easy, it required extra bone graft and caused high 
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risk of spinal cord injury. The rate of failure or nonunion 
was approximately 10–15% due to poor bending stability; 
thus, additional external stabilization after operation was 
usually needed [13]. Another representative method in the 
early days was transarticular screws (Magerl technique). It 
provided better control of bending and rotation instead of 
flexion–extension. In addition, this method was technically 
demanding and not suitable for screw placement on one side 
due to high variation rate (23%) and numerous incidences of 
VA injury [14]. The C1 LMS was also a common method for 
C1 fixation but with high technical demand. Modifications 
were introduced later to replace C1 LMS with C1 PS and 

positive clinical outcomes were reported in conjunction with 
the use of C2 PS [10]. Furthermore, this screw–rod fixation 
had reduced the risk of VA injury [15] and its biomechani-
cal stability was equivalent to that of transarticular screws 
[16]. However, the application of C1 PS still had the risk of 
VA injury due to the special entry point on posterior arch.

There is always the potential risk for neurovascular inju-
ries, especially VA bleeding, during the upper cervical sur-
gery. This is attributed to the complexity of anatomy around 
the atlas, such as VA variation, large venous plexus, and 
congenital narrowing of cervical pedicle [17]. Troublesome 
bleeding not only extends operative time, but also may cause 

Fig. 1   Stabilization after dif-
ferent fixations. a Unilateral 
C1 + C2 pedicle screws (PS) 
with a screw–rod system. b 
Bilateral C1 + C2 PS with 
screw–rod systems. c Unilat-
eral C1 posterior arch screws 
(PAS) + C2 laminar screws 
(LS) combined with an ipsilat-
eral paralleled C1 + C2 PS–
rod systems. d Unilateral C1 
PAS + C2 LS combined with 
an ipsilateral crossed C1 + C2 
PS–rod systems
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severe impairment of multiple organs or even death [18–20]. 
Thus, Some authors recommended that the vascular struc-
tures around the C1–C2 should be evaluated preoperatively 
using computerized tomography reconstruction, CT angio-
gram, or magnetic resonance imaging to fully understand the 
anatomical variations [21, 22].

C2 LS showed an equivalent stability as C1 LMS via bio-
mechanical analysis without obvious risk of VA injury [23]. 
In addition, Miyakoshi et al. [24] reported that unilateral C2 
PS + LS could be comparable with bilateral C2 PS fixation 
through clinical observation. It indicated that C2 PS + LS 
could be a good alternative of C2 PS in clinical practice 

which had relatively low risk of VA injury [25]. C1 PAS, 
described by Floyd and Grob during C1–C2 fixation, was 
another recommended surgical technique for clinical prac-
tice [26]. Excellent outcomes had been obtained via biome-
chanical study and clinical application [27]. Moreover, the 
screw path of both PAS and LS could be directly visualized; 
thus, the use of C1 PAS and C2 LS might avoid the risk of 
VA injury. Jin et al. had recently reported an excellent bio-
mechanical result of unilateral C1 PAS and C2 LS combined 
with one-side C1–C2 PS for posterior C1–C2 fixation [28]. 
It is generally thought that crossed screws could increase 
the lengths of the screws, as well as provide decortication 
and arthrodesis. Therefore, we designed a new unilateral 
C1 PAS and C2 LS combined with an ipsilateral crossed 
C1–C2 PS–rod fixation technique (Group D) and compared 
it with other fixation methods via biomechanical evaluations. 
In our study, bilateral C1 + C2 PS–rod systems (Group B) 
were considered to be the golden standard for biomechani-
cal evaluations as described [24]. Besides, the recent study 
reported an efficient fixation method by Jin et al. (Group C) 
had also been added as reference standard.

As expected, our new method could provide instant sta-
bility in all directions for C1–C2 segment after destabiliza-
tion and was even better than the intact condition (Fig. 5; 
Table 1). When comparing with unilateral C1–C2 PS–rod 
fixation (Group A), our new method significantly decreased 
the ROM of C1–C2 segment, indicating a better clinical 
expectation. The biomechanical study also found that our 
hybrid design of PAS + LS + PS fixation could provide 
the same stability as the bilateral C1 + C2 PS–rod systems 
and the recent efficient fixation method reported by Jin et al. 
The equal biomechanical efficacy among these three fixa-
tion methods was proved in our study (Fig. 5; Table 1). In 
addition, our data from pullout strength test indicated that 
the fixation strength of PS was significant higher than that 
of PAS (Table 2). We thought that there were two reasons 
leading to higher pullout strength of C1 including asym-
metry forces of C1 PAS caused by the arc structures of C1 
posterior arch and higher BMD of C1 lateral mass due to its 
weight-bearing property. However, we thought that the fixa-
tion strength of PAS was also high enough (463 ± 49 N) for 
providing the rigid stability. Therefore, our new method of 
unilateral C1 PAS and C2 LS combined with an ipsilateral 
crossed C1–C2 PS–rod fixation had met both requirements 
of unilateral fixation and a good stability.

Although our study showed positive biomechani-
cal results, several limitations must be considered. This 
method causes extensive injury of the neck musculature, 
and improvements in surgical navigation and minimal 
invasive are expected. Besides, the number of specimens 
enrolled in the study was small and the clinical evidence 
was also lack. Therefore, conclusions based on the out-
come are preliminary.

Fig. 2   Unilateral C1 PAS  +  C2 LS combined with an ipsilateral 
crossed C1 + C2 PS–rod systems

Fig. 3   Atlas vertebra with PS or PAS was embedded in custom-made 
molds using polymethylmethacrylate cement
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Conclusion

The surgical technique of unilateral C1 PAS + C2 LS com-
bined with a crossed C1–C2 PS–rod fixation provided a 
better stability than the traditional unilateral PS–rod 

fixation and a same stability as bilateral PS–rod fixation, 
but with less risk of neurovascular injury. According to 
our results, this new surgical technique may constitute 
an alternative method for the treatment of atlantoaxial 
instability.

Fig. 4   Pullout strength test. a 
Measurement of PS. b Measure-
ment of PAS

Fig. 5   Range of motion (ROM, 
mean ± SD) of the C1–C2 
segment in all directions under 
1.5 Nm at a rate of 0.1 Nm/s. 
LLB left lateral bending, RLB 
right lateral bending, LAR left 
axial rotation, RAR right axial 
rotation

Table 1   ROM of the specimens in intact, destabilization and stabilization after different fixations at 1.5 Nm for each of six motion directions (in 
°)

*Statistical difference from intact group (P < 0.05)
†Statistical difference from destabilization (P < 0.05)
‡Statistical difference from unilateral C1–C2 PS–rod fixation (Group A) (P < 0.05)
LLB left lateral bending, RLB right lateral bending, LAR left axial rotation, RAR right axial rotation

Motion Intact Destabilization Group A Group B Group C Group D

Flexion 12.42 ± 1.96 23.83 ± 2.15* 5.29 ± 0.48*† 3.55 ± 0.75*†‡ 4.05 ± 0.80*†‡ 4.12 ± 0.69*†‡
Extension 10.27 ± 1.20 19.25 ± 1.47* 3.92 ± 0.58*† 2.46 ± 0.79*†‡ 2.89 ± 0.68*†‡ 2.66 ± 0.54*†‡
LLB 5.31 ± 0.79 7.04 ± 1.00* 2.62 ± 0.59*† 1.82 ± 0.69*†‡ 1.69 ± 0.39*†‡ 1.85 ± 0.45*†‡
RLB 4.51 ± 0.86 7.55 ± 1.51* 2.53 ± 0.62*† 1.64 ± 0.45*†‡ 1.98 ± 0.54*†‡ 1.86 ± 0.47*†‡
LAR 37.16 ± 3.56 45.73 ± 5.51* 5.53 ± 0.99*† 2.26 ± 0.75*†‡ 2.39 ± 0.52*†‡ 2.01 ± 0.26*†‡
RAR 36.01 ± 3.12 42.93 ± 7.02* 5.76 ± 1.28*† 2.05 ± 0.57*†‡ 2.22 ± 0.60*†‡ 2.23 ± 0.62*†‡
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