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Abstract
Purpose  The Anterior Atlantoaxial Non-Fusion Fixation System (AANFS) was a novel motion preservation device for 
atlantoaxial instability to replace traditional fusion techniques. The purpose of this in vivo study was to evaluate the clinical 
features and biomechanical properties of this new device in a canine model by comparing it with a conventional method.
Methods  Eighteen adult male canines were randomly divided into group 1, which received the AANFS replacement, group 
2 which received the Harms rigid fixation procedures, and group 3, which served as the control group. Routine follow-up 
evaluations were performed postoperatively. Specimens were harvested 12 weeks after the operation. Biomechanical tests 
were conducted to obtain the range of motion (ROM) and neutral zone (NZ) at C1–C2 segment in different groups.
Results  The canines successfully tolerated the entire experimental procedure. No significant differences were found in 
surgery time, blood loss and recovery time between the AANFS group and the Harms rigid fixation group. Radiological 
examinations revealed that the position of the implant was good. Biomechanical results showed that, compared with the 
intact group, the mean ROM and NZ in flexion, extension, lateral bending and rotation were significantly reduced after rigid 
fixation. However, after the AANFS implantation, ROM and NZ in all directions were similar to those of the intact state.
Conclusions  This study for the first time provides an animal model for studying non-fusion strategies of upper cervical 
spine. The AANFS was able to maintain movement function of the atlantoaxial joint and may be an alternative to traditional 
fusion techniques.
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Introduction

Clinical studies have shown that decompression proce-
dures such as odontoidectomy compromise the integrity 
and aggravate instability of atlantoaxial complex [1, 2]. 
Therefore, anterior or posterior atlantoaxial fusion should 
be performed to eliminate this instability [3–5]. Such 
decompression and fusion procedures are considered 
standard treatment for atlantoaxial instability diseases 
caused by congenital, traumatic, inflammatory, or neoplas-
tic involvement [6, 7]. However, the long-term follow-up 
revealed that fusion of C1 to C2 will, of necessity, restrict 
head motion by about 50%. In a normal patient, this leaves 
a residual motion of ± 45° [8]. Loss of rotation function 
will have a long-term negative impact on the physiological 
and biomechanical functions of the cervical spine and may 
adversely impact patient quality of life.

In recent years, developments in the non-fusion tech-
nology have introduced a new era of managing pathology 
conditions through motion preservation and retention of 
spinal flexibility. Although it has some obvious potential 
benefits, previous attempts to develop non-fusion devices 
for upper cervical spine have been met with limited suc-
cess. To resolve this problem, we designed a motion pres-
ervation device, the Anterior Atlantoaxial Non-Fusion 
Fixation System (AANFS), to preserve partial or complete 
movement of the atlantoaxial to replace traditional fusion 
techniques. The biomechanical tests in human cadaveric 
specimens revealed that the AANFS maintains atlantoaxial 
stability and partial movement function, demonstrating 
certain value for its clinical applications [9, 10]. However, 
in vitro experiments only provide short-term, periopera-
tive biomechanical results. It is premature to state that the 
AANFS will be as effective in its function as an artifi-
cial knee or hip joint. The long-term safety, feasibility, 

effectiveness and biological degradation of the AANFS 
prosthesis remain unknown.

In our previous study (unpublished), we found that 
canines had similar atlanto-odontoid joints to humans; thus, 
they may provide a convenient animal model for in vivo 
experiments of the upper cervical spine. In the present study, 
we designed an atlantoaxial non-fusion model in canines 
for the first time and performed in vivo and in vitro experi-
ments to compare the clinical features and biomechanical 
properties of the AANFS with those of the intact state and 
the anterior plate fusion state.

Methods

AANFS implants

The AANFS is composed of a titanium alloy and includes 
the C1 component, C2 component, joint component and 
screws (Fig. 1). The C1 component consists of a symmetri-
cal arc-shaped fixing plate and rotating cuff. The C2 com-
ponent is composed of a fixing plate and base, with a hemi-
spherical joint socket above the base. The joint component 
is composed of a cylindrical rotating axle and spherical joint 
head. The rotating axle forms a pivot joint with the rotating 
cuff of the C1 component; the spherical joint head forms a 
ball-and-socket joint with the C2 component. The pivot joint 
coordinates with the ball-and-socket joint to allow multiaxial 
movement of the C1–C2 segment. C1 components are fix-
ated using lateral mass screws, whereas C2 components are 
fixated using anterior articular mass screws.

Experimental animals

Eighteen healthy male adult mixed-breed (same origin) 
canines, weighing 20 ± 1.0 kg and aged 2 ± 0.2 years, were 

Fig. 1   Schematic diagram and photographs of the Anterior Atlantoaxial Non-Fusion Fixation System (AANFS). a Schematic diagram of the 
AANFS; b actual photo of the AANFS; c schematic illustration of the AANFS on the specimen
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used in this study. The canines were randomly divided into 
three groups: six in the prosthesis implantation group receiv-
ing AANFS implantation (group 1), six in the fusion group 
undergoing Harms plate rigid fixation (group 2), and six in 
the control group undergoing sham surgery (group 3).

Surgical procedure

The canines were fasted 24 h and were intramuscularly 
injected with cefazolin sodium (20 mg, IM) 30 min before 
surgery. Under general anesthesia (10 mg ketamine and 
30 mg/kg of 3% pentobarbital sodium), the dogs were placed 
in supine position, and a 6-cm anterior-median incision was 
made in the neck. The cervical spine was accessed via the 
space between the vascular sheath and visceral sheath. The 
bilateral longus colli muscles were dissected to expose the 
anterior surface of C1–C2, which was confirmed by C-arm 
radiography.

For the AANFS implantation procedure (group 1), a 
high-speed grinding drill was used to carefully remove 
the C1 anterior arch and odontoid process. The apical, 

alar, and transverse ligament attachments to the odontoid 
process were carefully resected to decompress and visu-
alize the duration (Fig. 2a–d). The assembled AANFS 
was placed in the center of the decompression site. After 
determining the C1 component screw entry points, the lat-
eral mass screws were directly inserted. The C2 compo-
nent fixation screws (anterior articular mass screws) were 
inserted via the adjustable oval screw holes based on the 
individual anatomy of the canine axis. Figure 2e shows 
the AANFS in place after being implanted over a decom-
pressed specimen.

For the Harms plate fixation (group 2), the Harms plate 
was placed in the center of the decompression site after 
resecting the ventral arch of C1 and odontoid. The lateral 
mass screws and vertebral screws were inserted separately. 
The bone graft was then placed between the lateral mass 
facets of the atlantoaxial joint (Fig. 2f). The control group 
underwent sham surgery to expose the anterior surface of 
C1–C2. For each experimental canine, sterile saline was 
used to rinse the surgical wound, and the wounds were 
closed in layers to complete the procedure.

Fig. 2   Process for establishing the in vivo model. a Adequate expo-
sure of the anterior surface of C1–C2; b the anterior arch of C1 was 
ground with a spherical drill bit; c exposure of the odontoid process. 

d After the odontoid resection; e after the AANFS was implanted; f 
after the Harms rigid fixation
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Postoperative management

For each experimental canine, operation time, intraoperative 
blood loss, and the starting times for postoperative eating 
and walking were documented in detail. The necks of the 
canines in the AANFS implantation group and the fusion 
group were immobilized by a neck cast for 1 month. Cefa-
zolin sodium (20 mg, IM, qd) injection continued for 3 days 
after surgery. Surgical wounds were examined regularly. 
Radiography and CT scans were taken preoperatively 1 and 
12 weeks after surgery. The positions of the AANFS were 
evaluated in detail using 3D reconstruction modeling. All 
experimental canines were housed in the animal center and 
euthanized with an overdose of pentobarbital 12 weeks after 
the operation. Complete postmortem examinations were per-
formed on all animals. Specimens of the liver, spleen, mes-
enteric lymph nodes, and soft tissues adjacent to implants 
were collected, fixed in neutral buffered formalin, and sub-
mitted for histology to assess the safety of the prosthesis. 
A segment from the base of the occipital bone to the lower 
portion of the C3 was harvested. The collected specimens 
were stored in a double-layer sealed plastic bag in a − 80 °C 
freezer for later use.

Biomechanical testing

Before the biomechanical tests, the specimens were removed 
from the − 80 °C freezer. After thawing at room temperature, 
the skin and muscle tissues of the specimens were removed, 
and the osteoligamentous structures, such as the ligaments 
and facet joint capsule, were integrally preserved. All speci-
mens were divided into the following four groups: (1) the 
AANFS implantation group, (2) the Harms rigid fixation 
group, (3) the control group (intact group), and (4) after 
odontoidectomy of the intact group (decompression group).

The specimens were embedded in quick-drying epoxy 
resin in a specialized metal mold. The bottom of the C3 
vertebral body was positioned horizontally to ensure that 

the atlanto-occipital and atlantoaxial joints were naturally 
positioned. The biomechanical specimens were placed 
in a multi-channel spine testing device (MTS 858 Bionix 
machine, MTS System Inc., Minneapolis, MN, USA). Two 
markers were rigidly attached to the C1 and C2 vertebrae. 
Each marker included four unaligned infrared light-emitting 
diodes. Three-dimensional flexibility tests were conducted 
per the protocol established in our previous studies [9, 10]. 
Specimens were subjected to continuous torque loading 
up to 1.0 Nm at a rate of 0.5°/second by a multi-channel 
spine testing device to induce six-directional movements (as 
shown in Fig. 3). A three-dimensional optoelectronic camera 
system (Optotrak 3020; Northern Digital, Waterloo, Canada) 
was used to acquire each marker’s spatial position at a rate of 
100 Hz during the loading phase. Range of motion (ROM) 
and neutral zone (NZ) were used to describe the segmental 
motion of each specimen.

Histological evaluation

After biomechanical testing, the cervical spine specimens 
were fixed in 4% paraformaldehyde and 5% glutaraldehyde 
for 2 weeks. Specimens were dehydrated in gradient etha-
nol and embedded in polymethylmethacrylate. Transverse 
sections (100 μm thick) were cut on a Leica SP1600 saw-
ing microtome (Leica, Nussloch, Germany). After grinding 
the sections to the appropriate thickness, modified paucean 
trichrome staining was used for transmitted light micros-
copy. Sections were examined for the presence or absence 
of inflammatory cellular infiltrates, particulate debris, and 
evidence of implant loosening.

Statistical analysis

All results were analyzed using SPSS version 19.0 (Chicago, 
IL, USA). Statistical analysis was performed using one-way 
analysis of variance, and Fisher’s least-squares difference 

Fig. 3   Biomechanical models. a Decompression group; b the AANFS implantation group; c fixation group
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was used for post hoc analysis. P values less than 0.05 were 
considered statistically significant.

Results

All surgeries were successful, and all canines recovered 
well. The incisions in all experimental canines healed 
well, with no infections. For each experimental canine, 
the operative time, intraoperative blood loss, and starting 
time for postoperative eating and walking are presented 
in Table 1. No significant differences were found between 
the AANFS implantation group and the Harms rigid fixa-
tion group. Postoperative radiography images revealed 
satisfactory positions of the implants, and no joint dis-
location, bone fracture, loosened/fractured screws, or 
screws penetrating the spinal canal were observed in the 
AANFS implantation group or the Harms rigid fixation 
group (Fig. 4). CT scan and three-dimensional reconstruc-
tion imaging revealed that the atlanto-odontoid joint was 
reconstructed by the AANFS and that the screws were 
located in a pre-designed trajectory (Fig. 5). No evidence 
of spinal cord compression was noted. After sacrificed, 
gross examinations were performed on all animals. In the 
AANFS implantation group, the fixing plate of C1 and 

C2 components was typically surrounded by loose fibrous 
tissue that was easily removed. The joint component was 
firmly attached to the odontoid base of the C2 vertebral 
body. No fibrous tissue and visible debris were observed in 
the joint space of the prosthesis, and there was no evidence 
of screw loosening was found. HE staining showed that the 
soft tissue around the prosthesis, draining lymph nodes, 
liver, and spleen were normal. No hemosiderin deposition, 
inflammatory response, and metal particles were observed.

Table 2 presents the relative ROM and NZ of the C1–C2 
segment in flexion, extension, lateral bending, and axial rota-
tion among the groups. The primary motion pattern of the 
intact C1–C2 segment was rotation accompanied by partial 
lateral bending and flexion and extension. Compared with 
the intact group, ROM and NZ of the C1–C2 segment with 
anterior arch and odontoid process excision (decompression 
group) were significantly increased (P < 0.05) in the flexion, 
extension, lateral bending, and rotation. However, after the 
AANFS replacement, ROM and NZ of the C1–C2 segment 
in flexion, extension, lateral bending, and rotation were simi-
lar to those of the intact state (P > 0.05). In addition, the 
mean ROM and NZ in flexion, extension, lateral bending, 
and rotation were significantly reduced after Harms plate 
fixation (P < 0.05) compared with those in the intact state, 
decompression, or AANFS implantation groups.

Table 1   Surgery characteristics 
of the three different groups

No significant differences were found between the AANFS implantation group and the Harms rigid fixation 
group

Surgery time (min) Blood loss (ml) Recovery time (h) Eating time (h)

Sham control 15 ± 4 4 ± 2 1.5 ± 0.5 2.0 ± 0.2
AANFS implantation 80 ± 12 26 ± 4 3.2 ± 0.8 5.4 ± 1.4
Rigid fixation 72 ± 10 24 ± 6 4.1 ± 1.2 5.8 ± 2.0

Fig. 4   X-ray images of canines in the AANFS implantation group and Harms rigid fixation group 12 weeks after the surgery. a Anteroposterior 
view of the AANFS implantation; b lateral view; c anteroposterior view of the Harms rigid fixation. d Lateral view
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Histological sections of the canine cervical spines 
12 weeks after surgery showed newly formed bone around 
the fixation screws (Fig. 6). No inflammatory response or 
significant metallic wear debris at the implant–bone inter-
face was found, indicating favorable biocompatibility of the 
prosthesis.

Discussion

Atlantoaxial instability can result from disruption of the 
bony or ligamentous elements or both. The unique anatomi-
cal and biomechanical aspects of the atlantoaxial complex 
present specific challenges for operative stabilization of this 
region. The surgical management of atlantoaxial instability 

has evolved due to advances in spinal biomechanics and 
instrumentation systems. Rigid C1-2 fixation using screws 
or screw/rod constructs is increasingly being advocated 
since it is associated with high fusion rates and provides 
immediate spinal stability in all planes [11]. However, the 
long-term follow-up revealed that fusion of C1 to C2 will, 
of necessity, restrict head motion by about 50%. In a normal 
patient, this leaves a residual motion of ± 45°. Loss of rota-
tion function will have a long-term negative impact on the 
physiological and biomechanical functions of the cervical 
spine and may adversely impact patient quality of life [12]. 
Thus, it is necessary to explore how to maximally preserve 
the physiological motion of the C1–C2 segment while firmly 
fixing it. Recent developments in the non-fusion technology 
have introduced a new era of managing pathology conditions 

Fig. 5   CT images of canines in the AANFS implantation group 
12 weeks after the surgery. a Transverse view of anterior C2 articu-
lar mass screws; b transverse views of C1 lateral mass screws; c 3D 

reconstruction of coronal view of the AANFS; d 3D reconstruction of 
sagittal view of the AANFS

Table 2   ROM and NZ of the 
specimens of the four groups in 
all directions (in degrees)

Values for axial rotation and lateral bending summate both right and left sides
ROM range of motion, NZ neutral zone, AANFS Anterior Atlantoaxial Non-Fusion Fixation System
*Indicates statistical difference from intact condition (P < .05)
† Indicates statistical difference from unstable condition (P < .05)
‡ Indicates statistical difference from Harms rigid fixation (P < .05)

Motion Control Unstable AANFS Harms

ROM
 Flexion 6.24 ± 0.75 9.36 ± 1.18* 5.89 ± 1.56†‡ 2.54 ± 0.91*†

 Extension 8.89 ± 0.83 10.87 ± 0.98* 7.88 ± 1.88†‡ 3.04 ± 0.35*†

 Lateral bending 4.51 ± 0.66 8.53 ± 1.32* 4.02 ± 1.35†‡ 1.19 ± 0.42*†

 Axial rotation 14.94 ± 2.68 20.42 ± 2.32* 16.27 ± 2.14†‡ 8.34 ± 1.45*†

NZ
 Flexion 2.25 ± 0.86 4.36 ± 0.18* 2.09 ± 0.56†‡ 1.14 ± 0.16*†

 Extension 2.97 ± 0.54 4.87 ± 1.98* 2.68 ± 0.48†‡ 1.83 ± 0.15*†

 Lateral bending 1.01 ± 0.07 2.53 ± 0.82* 0.92 ± 0.35†‡ 0.56 ± 0.07*†

 Axial rotation 5.58 ± 1.39 9.42 ± 2.32* 6.27 ± 2.14†‡ 3.93 ± 0.17*†
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through motion preservation and retention of spinal flexibil-
ity. This widely expanded armamentarium available to the 
spine specialist has allowed surgeons to address cases with 
evermore challenging biomechanical presentations. To date, 
non-fusion techniques used in clinical practice include artifi-
cial disks, artificial nucleus pulposus, and posterior dynamic 
spine stabilization systems (such as spinous process spacers 
and facet joint replacement) [13]. However, current research 
on dynamically stabilizing the atlantoaxial joint remains 
limited. Goel et al. [14] reported an artificial atlantoaxial 
lateral mass joint prosthesis and proposed the mechanism of 
its insertion and function. However, the complexity of the 
surgery made use of it a less attractive option.

Given that the most important function of the C1–C2 
segment is rotational head movement, our research team 
designed the AANFS to stabilize and preserve movement 
of the C1–C2 segment. Theoretically, intact anterior C1–C2 
structures, including C1 lateral mass and C2 vertebrae, were 
the minimum anatomical requirements for the implant of 
the AANFS. Biomechanical testing in cadavers revealed 
that this prosthesis achieves sufficient decompression and 
preserves stability and motion [10]. Nonetheless, it is impor-
tant to realize that even the most sophisticated biomechani-
cal testing setup is not capable of evaluating the biologic 
responses of an organism to a surgical intervention and a 

foreign body implantation. Certain reconstructions that 
appear biomechanically superior in a laboratory may not 
be clinically appropriate secondary to bulky design, low 
available volume for bony ingrowth, technically challeng-
ing surgical technique, or other factors. In addition, in vitro 
experiments cannot completely simulate the physiological 
function in vivo. The long-term safety, efficacy, and biologi-
cal degradation of the AANFS remain unknown. Therefore, 
the AANFS must be further evaluated using in vivo animal 
models in preclinical testing.

Animal models for studying spinal non-fusion techniques 
have been reported in the literature on animals including 
canines, goats, and nonhuman primates (e.g., chimpanzees 
and baboons). Of these models, canines are a good model 
often used to evaluate implants in cervical spine research 
[15–17]. Biomechanical studies found that the canine spine 
was mainly loaded along its long axis, similar to human 
spines [18]. Moreover, canines are of medium size with 
typical atlanto-odontoid joints, which have similar ranges 
of movement to the upper cervical spine in humans. There-
fore, we believe canines provide a suitable animal model 
for evaluating the AANFS in vivo, given a lack of primates. 
Consequently, we designed an AANFS device for canines 
based on anatomical parameters and performed this in vivo 
study. In this study, no incision or deep tissue infections 

Fig. 6   Histological images of the specimens in the AANFS implan-
tation group 12  weeks after the surgery. a, d 10X- and 40X-mag-
nified images at the level of C1 lateral mass screws; b, e 10X- and 

40X-magnified images at the level of fixing plate of C2 component; c, 
f 10X- and 40X-magnified images at the level of anterior C2 articular 
mass screws
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were reported. During the entire operation, canine vital 
signs remained stable, and the operative time and intraop-
erative blood loss were similar to those in the Harms plate 
fusion procedure. The animals could walk near normally 
and eat without difficulty 3 and 5 h, respectively, after sur-
gery. Radiography and CT scans revealed that the AANFS 
positions were satisfactory and that the screws were located 
in a pre-designed trajectory. No neurological complications 
were found. Although the AANFS dislocation (the most 
significant postoperative complication) was anticipated as a 
possible concern in this animal model, no dislocations were 
observed during the experimental period. In non-fusion 
spinal implants, poor wear resistance of titanium alloys 
has raised the concern of an inflammatory reaction loosen-
ing the implants due to osteolysis. In the present study, no 
inflammatory response or metallic wear debris was found 
at the implant–bone interface, the soft tissue around the 
prosthesis, draining lymph nodes, liver, and spleen in the 
12-week in vivo animal model, indicating favorable pros-
thesis biocompatibility.

Johnson et al. [18] systematically evaluated the biome-
chanics of the whole canine spine broken down into indi-
vidual motion segments. They then compared their data 
with human ROM values published by White and Panjabi. 
The authors reported similarities in ROM, NZ, and stiffness 
between the two models under axial rotation. The lateral 
bending and flexion–extension range was somewhat lower, 
however, still within the acceptable range. In this study, we 
found that, in the intact state, the primary motion pattern 
of the C1–C2 segment is axial rotation. The instantaneous 
rotation axes are located in the atlanto-odontoid joint. After 
excising the anterior arch and odontoid process, the instan-
taneous rotation axes will move posteriorly to the bilateral 
facets [2, 19]. Segment stability is significantly reduced due 
to loss of atlanto-odontoid joints. This study demonstrated 
that ROM and NZ in the C1–C2 segments increased signifi-
cantly after odontoidectomy in terms of flexion, extension, 
lateral bending, and rotation compared with the intact state. 
In general, flexion, extension, and lateral bending of the 
normal C1–C2 segment are limited. However, completely 
limited lateral bending, flexion, or extension may increase 
fixation screw stress, possibly loosening the prosthesis. 
Therefore, the ball-and-socket structure of the AANFS was 
designed to ensure a 60° range of motion in flexion, exten-
sion, and lateral bending. In addition, the pivot joint design 
guarantees unrestricted rotation of the C1–C2 segment as 
well as coupled motions. Theoretically, the close coordina-
tion between the ball-and-socket and pivot joints can rebuild 
the atlantoaxial buckling, which causes the instantaneous 
rotation axes to reposition in the atlanto-odontoid joint. This 
study demonstrated that after AANFS implantation, ROM 
and NZ of the atlantoaxial joint in flexion, extension, lat-
eral bending, and rotation were similar to those in the intact 

group. Compared with the intact state, decompression, and 
AANFS implantation state, ROM and NZ of the C1–C2 seg-
ment in all directions significantly decreased after Harms 
plate fixation. This result is consistent with that from the bio-
mechanical study of Harms plate fusion in humans [20]. The 
above results indicate that the AANFS successfully restored 
motion, which was generally closer to the intact condition.

Several limitations are inherent to this study. First, the 
follow-up duration was limited; thus, a longer study period 
should be investigated before long-term conclusions are 
reached on the durability and stability of the AANFS. The 
long-term stability of the AANFS in vivo depends on the 
osteointegration of bone–implant interface, which can 
be affected by many factors, such as prosthesis design, 
surface texture, biocompatibility, bioactive coating, and 
the biomechanical properties of the surrounding bone. 
Several strategies have been developed to enhance the 
bone–implant interface in mechanically demanding situ-
ations, including the use of hydroxyapatite (HA) coating. 
Experimental and clinical studies have shown that both 
osteointegration and strength at the interface between bone 
and HA-coated implants are substantially better than those 
between bone and uncoated implants [21]. Therefore, 
we are planning to conduct further experiment aiming 
at improving the durability and stabilization capacity of 
AANFS for clinical application, such as applying HA coat-
ing on the surface of AANFS to improve the bone–implant 
integration for long-term stability. Second, these findings 
are of limited significance because canines do not walk 
upright, and their anatomical structures and physiologi-
cal features differ from those of humans. Thus, primates 
are ideal experimental animals for obtaining results that 
more closely mimic clinical reality, and data obtained from 
primates may be more valuable in practice.

Conclusions

Canine was an excellent animal model for in vivo experi-
ments of upper cervical spine. Biomechanical results showed 
that AANFS implantation preserved the ROM and NZ of 
the C1–C2 segment and, thus, may be an alternative to the 
anterior fusion method.
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included in this article.
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