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ABSTRACT

Purpose: This study compared, through biomechanical evaluation under ventral flexion load, four surgical techniques for ventral
stabilization of the atlantoaxial joint in dogs. Methods: In total, 28 identical atlantoaxial joint models were created by digital printing
from computed tomography images of a dog, and the specimens were divided into four groups of seven. In each group, a different
technique for ventral stabilization of the atlantoaxial joint was performed: transarticular lag screws, polyaxial screws, multiple
screws and bone cement (polymethylmethacrylate-PMMA), and atlantoaxial plate. After the stabilization technique, biomechanical
evaluation was performed under ventral flexion load, both with a predefined constant load and with a gradually increasing load
until stabilization failure. Results: All specimens, regardless of stabilization technique, were able to support the predefined load
without failing. However, the PMMA method provided significant more rigidity (p <0.05) and also best resisted the gradual increase
in load, supporting a significantly higher maximum force (p < 0.05). There was no statistical difference in flexural strength between
the transarticular lag screws and plate groups. The polyaxial screws method was significantly less resistant to loading (p < 0.05)
than the other groups. Conclusion: The PMMA technique had biomechanical advantages in ventral atlantoaxial stabilization
over the other evaluated methods.
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Introduction

Atlantoaxial subluxation (AAS) occurs as a result of instability, characterized by the dorsal displacement of the cranial
portion of the axis body towards the vertebral canal. It can cause variable compression of the spinal cord and its nerve roots'->.
AAS is usually a consequence of congenital and/or developmental abnormalities in young toy or miniature breed dogs®*.

However, traumatic fracture of the odontoid process and/or rupture of ligaments can occur in dogs of any breed and age*”*-'".

The ventral flexion load is an important vector of the atlantoaxial joint in dogs, and the local ligaments that support the
weight of the head in the sagittal plane are under continuous tension®. Rupture of the ligaments of the atlantoaxial joint has
been reported to result in increased mobility, leading to AAS and spinal cord compression®.

Surgical treatment is recommended for most dogs with AAS, and many stabilization methods have been reported,
including dorsal and ventral access techniques''~'. Ventral approaches are widely used, since they allow the debridement
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Biomechanical evaluation of four surgical techniques for ventral stabilization of the atlantoaxial joint in dogs

of the articular cartilage and the placement of bone grafts to promote arthrodesis, as well as inspection and removal of the
odontoid process in cases of fracture, non-union or excessive dorsal displacement*”*'-**. The ventral procedures described
in the literature include transarticular implants, pins or screws distributed along the vertebral bodies of C1 and C2 with or

without polymethylmethacrylate (PMMA), plate placement or a combination of techniques™>!%%-%,

Although there are many descriptions of AAS stabilization techniques, few biomechanical studies have been performed**%,
so there is little information to guide the neurosurgeon in choosing the safest atlantoaxial stabilization technique. The aim
of this study was to compare, through biomechanical evaluation under ventral flexion load, four surgical techniques for
ventral stabilization of the atlantoaxial joint in dogs: transarticular lag screws, polyaxial screws, multiple screws and PMMA,

and a new atlantoaxial plate.

Methods

This study was carried out with the consent of the Ethics Committee on the Use of Animals at our institution, under
the number 007869/18.

Specimen creation

The template for the specimens was created from computed tomography (CT) images of the first two cervical vertebrae
of a 2-year-old mixed breed dog with a body weight of 29 kg. After obtaining the CT images, the vertebral models were
sent to computer programs, in which they were virtually reconstructed, and the odontoid process was removed from the

axis, generating a specimen with AAS due to odontoid agenesis or fracture.

In the virtual environment, two fixation blocks were created, cranial to C1 and caudal to C2, to fix the specimen in the
biomechanical testing machine. In addition, removable dorsal connections between the atlas and the axis were designed,
which were intended to maintain the alignment and provide temporary stabilization of the subluxation during insertion of
the implants. Thus, the reduction techniques could be standardized for all experimental groups, avoiding implantation errors
due to poor vertebral alignment. After the implants had been placed, these connections were removed, and the vertebrae

were kept stabilized only by the fixation method for each group.

The three-dimensional (3D) model of the specimen was rendered, and the specimens printed in 0.3-mm layers with
100% fill of polylactic acid (PLA) by a 3D printer (custom PRUSA i3 model) (Fig. 1). The 28 specimens were divided into

the four proposed experimental groups, resulting in seven identical specimens for each surgical technique.
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Source: Elaborated by the authors. CI: first cervical vertebra (atlas); C2: second cervical vertebra (axis); *cranial fixation block; **caudal fixation block;
#removable dorsal connections between the atlas and the axis; Cr: cranial; Cd: caudal.

Figure 1 - Photographic images of the specimen created by digital printing from computed tomography images representing the ventral
aspect of the first and second cervical vertebrae of a dog. (a) Ventral view; (b) oblique view.
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Atlantoaxial three-dimensional drill guides

Specific atlantoaxial 3D drill guides (3DDG) were made for three of these four techniques (transarticular lag screws,

polyaxial screws and multiple screws, and PMMA), to improve precision and standardization of drilling.

For the creation of each guide, the virtual vertebral models obtained from the CT images were used to plan the ideal
trajectory of each drill hole, aiming to cover the largest bone stock available and provide the ideal angle. Thus, the virtual drill
guide ensured accurate implant placement for each stabilization technique. The contact surface of this guide was constructed
to align with the anatomy of the ventral surface of the vertebra to be drilled, ensuring the ideal trajectory. The data from the

virtual guide were printed by the direct light processing/stereolithography method, using 405 nanometer resin.

The 3DDG for the transarticular lag screws group (TA3D) had two drilling holes, each one directed to an atlantoaxial
articular surface (Fig. 2a). The 3DDG for the polyaxial screws group (PAX3D) had two drilling holes in the atlas, each one
located in the medial aspect of the wing, and two drilling holes in the axis, each one located at the base of the transverse
process (Fig. 2b). Finally, the 3DDG for the multiple screws and PMMA group (M3D) had three drilling holes along the
caudal aspect of the ventral surface of C1, three drilling holes along the cranial aspect of the ventral surface of C2, and one
hole in the caudal aspect of the ventral crest of C2 (Fig. 2C).

Additionally, a mold was printed to accommodate the PMMA used in the stabilization technique with multiple screws
and PMMA. The intention was that it would be positioned on the ventral surfaces of C1 and C2, accommodate all the
screws and serve as a bed to limit bone cement spillage before polymerization, to ensure that standardized PMMA models

would be created in all specimens in this group (Fig. 2d).

2 * 2 C2 C2
+
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Source: Elaborated by the authors. C1: first cervical vertebra (atlas); C2: second cervical vertebra (axis); *C1 transverse foramen; +C2 transverse process;
>ventral crest of C2; #atlantoaxial three-dimensional drill guides; Amold to accommodate the PMMA; Cr: cranial; Cd: caudal.

Figure 2 - Photographic images of the atlantoaxial three-dimensional drill guides (3DDG) and the mold to accommodate the
polymethylmethacrylate (PMMA). (a) 3DDG for the transarticular screws group (ventrolateral view); (b) 3DDG for the polyaxial
screws group (ventrocaudal view); (¢) 3DDG for the multiple screws and PMMA group (ventrolateral view); (d) mold to accommodate
the PMMA (ventrolateral view).

Implants

To perform the stabilization technique with transarticular lag screws, two 2.7-mm diameter titanium cortical screws
(Focus Ortopedia, Indaiatuba, Sdo Paulo, Brazil) were used. The polyaxial screw technique required the use of four 2.7-mm
diameter titanium polyaxial screws (Focus Ortopedia, Indaiatuba, Sdo Paulo, Brazil), two titanium connecting rods (4 mm in
diameter and 40 mm in length) (Focus Ortopedia, Indaiatuba, Sao Paulo, Brazil) and four counter-screws (Focus Ortopedia,
Indaiatuba, Sio Paulo, Brazil). In the technique with multiple screws and PMMA, seven 2.7-mm diameter titanium cortical
screws (Focus Ortopedia, Indaiatuba, Sao Paulo, Brazil) and a standardized amount of PMMA (12-g powdered polymer and
6-mL of liquid monomer) (VIPI Flash, VIPI Industria, Comércio, Exportagdo e Importacio de Produtos Odontoldgicos
LTDA, Séo Paulo, Brazil, lot 0000165034 of powdered polymer and lot 0000168852 of liquid monomer) were used.
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For the atlantoaxial plate technique, a titanium locking plate (Focus Ortopedia, Indaiatuba, Sao Paulo, Brazil) was custom
designed so that the screws assumed ideal locations and angulations, to provide a stable and secure fixation. The plate had
a butterfly design, being slightly contoured to follow the morphology of the vertebrae. It had four holes with a threaded
locking system, which received 2.7-mm diameter titanium locked screws (Focus Ortopedia, Indaiatuba, Sdo Paulo, Brazil).
Two holes delivered screws into the medial aspect of the wings of the atlas, and the other two into the base of the transverse

process of the axis.

Surgical techniques for ventral atlantoaxial stabilization

In the transarticular lag screws method, the specific drill guide (TA3D) was used. Through it, the axis and the atlas were
drilled to allow the implantation of a cortical screw with a compressive effect on each articular surface (Fig. 3a).

In the polyaxial screws method, the PAX3D was used, and, through it, the four bicortical perforations were performed.
A polyaxial screw was placed in each hole, and a rod was placed connecting the ipsilateral screws between the atlas and the

axis, and, finally, the counter-screws were tightened (Fig. 3b).

In the multiple screws and PMMA method, the M3D was used. In the atlas and in the cranial aspect of the axis, the
lateral drill holes were bicortical, whereas the central ones were monocortical. The drill hole in the ventral crest of C2
was similarly monocortical. Thus, the cortical screws could be implanted in their respective holes, so that they protruded
about 5 mm from the vertebral surface and were used to fix the bone cement. Finally, the PMMA mold was fitted around
the screws and filled with bone cement. This mold was removed a few seconds before complete polymerization of the
PMMA (Fig. 3c).

In the atlantoaxial plate method, the new implant was positioned on the vertebral surfaces, and the perforation guides
were threaded into the plate holes, directing the bicortical drill holes and allowing the subsequent implantation of the
locked screws (Fig. 3d).

(a) (b) () (d)

Source: Elaborated by the authors. Cr: cranial; Cd: caudal.
Figure 3 - Photographic images of a specimen of each group after the stabilization technique (ventral aspect). (a) Transarticular lag
screws; (b) polyaxial screws; (c) multiple screws and polymethylmethacrylate; (d) atlantoaxial plate.

After each technique was complete, the temporary dorsal connections of the specimens were removed, leaving the

vertebral models stabilized only by the fixation method applied.

Biomechanical tests

The biomechanical tests were divided into two phases. First, the weight-bearing capacity of each fixation method was
evaluated, obtaining values of stiffness (N/mm) and deflection (mm). To this end, the head and atlas of a thawed dog cadaver
with similar C1 and C2 dimensions to those of the specimen were weighed. The dog had died of natural causes not related
to this study. The distance from the atlantoaxial joint to the center of the head was also measured on this same cadaver, and
this value was used as the standard clearance distance in the biomechanical testing machine. The head weight was 2.5 kg
(25 N), and the distance was 90 mm.
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Thus, the axis fixation block was attached to the universal testing machine (EMIC, model DL 100,000, equipped with a
200 kgf load cell), and a 25-N load was applied in the ventral direction on the atlas fixation block, representing the ventral
flexion force. The bending test speed was 5 mm/min, and the free span distance was 90 mm. The machine, together with
the Tesc software version 3.04, produced the values of the configured biomechanical properties and a force x deformation

graph. All specimens were tested individually.

The second phase of the tests was methodologically similar to the first one, differing only in that the load
was applied gradually to the C1 fixation block. The load was increased until there was failure of the stabilization
(breakpoint), and the maximum force (N) supported before deformation, and the location of this failure was recorded

in each test model.

Statistical analysis

Statistical analysis was performed using the GraphPad Prism 5 software (GraphPad Software Inc., San Diego, California,
United States of America). Initially, the normality of the residuals (Shapiro-WilK’s test) and homoscedasticity of the
variances (Bartlett’s test of variance) of all parameters studied were tested. Means between groups were compared by
analysis of variance (ANOVA) and analysis between pairs with Tukey’s post-test. The significance was fixed at p <0.05

for all tests.

Results

In the first phase of the biomechanical tests, all four methods supported the load without failing. The method of multiple
screws and PMMA proved to be significantly more rigid (p < 0.05) than the other stabilization techniques. There was no
significant difference (p > 0.05) in stiffness between the other three techniques (Table 1 and Fig. 4). The specimens stabilized
with multiple screws, and PMMA suffered significantly less deflection (p<0.05). That is, the displacement (in mm) between
atlas and axis, when subjected to a load of 25 N, was less than for all other techniques. The deflection in the transarticular
lag screws group was significantly lower (p < 0.05) than the deflection in the polyaxial screws group and with no statistical
difference (p > 0.05) in the deflection in the atlantoaxial plate (Table 2 and Fig. 4).

Table 1 - Mean and standard deviation of stiffness (N/mm) of specimens when subjected to a load of 25 N in the ventral direction,

representing the ventral flexion force*.

Surgical technique Mean (+ SD) of stiffness (N/mm) under load of 25N
Transarticular lag screws 21.72+7.36%
Polyaxial screws 14.50 +2.75 %
Multiple screws and bone cement 45.74+8.294
Atlantoaxial plate 20.32+5.56 8
Inter-group comparisons p-value interval

0.0001 to 0.001

Multiple screws and bone cement/transarticular lag screws .
(extremely significant)

0.0001 to 0.001

Multiple screws and bone cement/polyaxial screws (extremely significant)

0.0001 to 0.001

Multipl 1 ial pl
ultiple screws and bone cement/atlantoaxial plate (extremely significant)

Source: Elaborated by the authors. SD: standard deviation; *different letters demonstrate differences between the techniques (p<0.05) by Tukey’s test.
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Table 2 - Mean and standard deviation of deflection (mm) of specimens when subjected to a load of 25 N in the ventral direction,
representing the ventral flexion force*.

Mean (+ SD) of deflection (mm)

Surgical technique under load of 25N
Transarticular lag screws 1.50 + 0.42 52
Polyaxial screws 2.46 +0.43 B
Multiple screws and bone cement 0.83+0.194
Atlantoaxial plate 1.87 +£0.52 52
Inter-group comparisons p-value interval
Multiple screws and bone cement/transarticular lag screws &Zlnfgc(;r?f)

0.0001 to 0.001
(extremely significant)

0.0001 to 0.001
(extremely significant)

0.001 to 0.01
(very significant)

Multiple screws and bone cement/polyaxial screws
Multiple screws and bone cement/atlantoaxial plate

Transarticular lag screws/polyaxial screws

Source: Elaborated by the authors. SD: standard deviation; *Different letters demonstrate differences between the techniques (p<0.05) by Tukey’s test.
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Source: Elaborated by the authors.

Figure 4 - Boxplots representing the quartiles of stiffness (N/mm) and deflection (mm) values for the transarticular lag screws (LAG),
polyaxial screws (PXS), multiple screws and PMMA (PMMA), and atlantoaxial plate (PLATE) when subjected to a load of 25 N in the
ventral direction.

The method of multiple screws and PMMA supported a significantly higher maximum load (p <0.05) than all other
groups. The maximum force supported by the transarticular lag screws method was significantly higher (p < 0.05)
than that of the polyaxial screws, but there was no statistical difference (p > 0.05) in the maximum force supported by
the new atlantoaxial plate group and the transarticular lag screws method. The maximum force supported by the new
atlantoaxial plate was also significantly higher (p < 0.05) than the maximum load supported by the group of polyaxial
screws (Table 3 and Fig. 5).

Failures in the group of transarticular lag screws were mainly characterized by fracture of the cranial portion of
the axis, at the site of implantation of the screws. In the group of multiple screws and PMMA, all failures occurred due
to fracture of the bone cement in the joint space between atlas and axis. In the atlantoaxial plate and polyaxial screws
methods, there was an increase in the dorsal atlantoaxial distance in the specimens at the end of the biomechanical tests,
especially in the latter technique. In the polyaxial screws group, there were a final atlantoaxial distance between 8 and
16 mm and a gap in the locking system between the screw and the rod, while in the atlantoaxial plate group the final

atantoaxial distance ranged from 2 to 8 mm.
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Table 3 - Mean and standard deviation of the maximum force (N) supported by the specimens under ventral flexion force*.

Surgical technique Mean (+ SD) of the maximum force (N)
Transarticular lag screws 156.4 + 28.69 B2
Polyaxial screws 62.27 +9.26 B
Multiple screws and bone cement 264.18+78.854
Atlantoaxial plate 118.87 +17.53%a
Inter-group comparisons p-value interval

0.0001 to 0.001
(extremely significant)

0.0001 to 0.001
(extremely significant)
0.0001 to 0.001
(extremely significant)
0.0001 to 0.001
(extremely significant)

0.001 to 0.01
(very significant)

Multiple screws and bone cement/transarticular lag screws
Multiple screws and bone cement/polyaxial screws
Multiple screws and bone cement/atlantoaxial plate

Transarticular lag screws/polyaxial screws

Atlantoaxial plate/ polyaxial screws

Source: Elaborated by the authors. SD: standard deviation; *different letters demonstrate differences between the techniques (p < 0.05) by Tukey’s test.

400 1

3001

200 A

100 A

T T T T
LAG PXS PMMA PLATE

Source: Elaborated by the authors.
Figure 5 - Boxplot representing the quartiles of maximum force (N) values for the transarticular lag screws (LAG), polyaxial screws
(PXS), multiple screws and PMMA (PMMA), and atlantoaxial plate (PLATE) under ventral flexion force.

Discussion

A biomechanical evaluation of the effect of ventral flexion force was carried out on four methods of ventral stabilization
of the atlantoaxial joint in dogs: transarticular lag screws, polyaxial screws, multiple screws and PMMA, and atlantoaxial
plate. All methods were able to support a constant load representing the weight of a dog’s head, but the use of multiple
screws and PMMA provided significantly more rigidity than all other evaluated methods. When a gradual load was applied
until the failure of the construct, the cemented technique supported a significantly higher maximum load than the other

methods, while the polyaxial screws group supported a significantly lower maximum load compared to the other groups.

Leblond et al.* also evaluated the rigidity of a few stabilization methods under physiological conditions. They found
no significant difference between their three experimental groups (transarticular screws and two different cemented
constructions), whereas in the present study the cemented construction proved to be significantly more rigid than the other
methods, although all four techniques were able to support the predefined load without failing. The absolute values cannot
be directly compared between two studies, because the use of different methodological parameters produced results with

different measurement units which do not allow direct comparison.
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The second phase of the biomechanical tests evaluated the flexural strength of each fixation method when subjected to
high loads, determining the maximum strength supported by the construct before failure. Our results can be more directly
compared with those of Takahashi et al.8, who also measured the mean maximum load of flexural strength test in each of their
atlantoaxial fixation group (atlantoaxial plate fixation, PMMA fixation and transarticular fixation). Despite the use of cadaveric
bone specimens by Takashahi et al.%, as opposed to the use of PLA specimens in our study, surprisingly the transarticular screw
technique achieved similar mean maximum force between the two studies, being 159.5+41.1 N and 156.4 + 28.69 N, respectively.
Therefore, the structural properties of PLA were not limiting for the successful biomechanical evaluation of the atlantoaxial
stabilization techniques in our study. Moreover, there was less variability of the samples than with the use of cadaveric specimens,
since the standard deviation of our sample group was lower than the standard deviation of the study by Takahashi et al.®

Still in this comparative context, the average maximum force achieved by the plate group in the study by Takahashi et al.® was
280+ 14.1 N, in contrast to our average maximum force, of 118.87 = 17.53 N. This disparity in results is thought to be attributable
to two main reasons. First, the use of transarticular pins in association with the plate in the technique by Takahashi et al.5, provided
greater rigidity of the construct. In addition, the plate model used by Takahashi et al.® has a greater contact surface on the vertebral
bodies of C1 and C2, unlike our plate, which is concentrated in the ventral arch of the atlas and in the cranial portion of the axis.
Finally, when comparing the screw and bone cement techniques between the two studies, there were higher mean maximum force
values in the study by Takahashi et al.® compared to ours, being, respectively, 510 = 122.3 N and 264.18 + 78 N. This difference
can also be attributed to the use of transarticular pins in association with screws and bone cement in the technique by Takahashi
et al%, leading to greater stability of the fixation and may also be a bias in the biomechanical evaluation of the isolated technique.

The long-term goal of ventral atlantoaxial stabilization is arthrodesis”. The general principles of any arthrodesis are removal
of articular cartilage, grafting, apposition of the articular surfaces at the correct angulation, and rigid stabilization®. Thus, if
these principles are applied to all techniques and only the method of stabilization varies, the more rigid stabilizations should
provide better results. This reasoning suggests that, among the techniques tested, multiple screws and PMMA may have the
potential to provide the best results in atlantoaxial fusion. Clinical data is nevertheless necessary to support this statement.

In our study, it is likely that the specific placement of the implants is responsible for the biomechanical advantages of the
cemented construction, as the force concentration point of the atlantoaxial region tends to be located in the cranial portion
of the axis?**. The presence of screws and bone cement along the entire surface of the vertebral body of C2 better distributes
the loads transmitted in this region, making the cemented construct better able to support flexion loads?. The implants
in the configurations of transarticular lag screws, atlantoaxial plate and polyaxial screws are concentrated in the cranial
portion of the axis, in which forces are concentrated, and thus bear significantly lower loads.

The maximum force supported by the transarticular lag screws group did not differ significantly from the atlantoaxial
plate group, but both supported significantly higher maximum force than the polyaxial screws group. The biomechanical
properties of each construct may help explain these results.

In the transarticular lag screws technique, the implants were positioned with a compressive effect (compressing the
articular surfaces of the axis and the atlas). Thus, there was load sharing between the implant and the specimen, reducing

the load supported by screws and increasing fixation stability.

However, the configurations obtained with the atlantoaxial plate and polyaxial screws lacked such a load-sharing
mechanism, as these constructs had their implants firmly attached to the ventral arch of the atlas and the cranial portion of
the axis, without direct compression between the joint surfaces. Thus, according to the principles of internal fixation*, load
transfer occurred only through the implants. The atlantoaxial plate group provided satisfactory stabilization in this region,
supporting a similar maximum load to the group of transarticular lag screws, which was almost double the maximum load
supported by the polyaxial screws group.

Finally, the group of polyaxial screws may have supported a significantly lower maximum load than all the other methods
due to the fragility of its locking system. Studies have shown that the design of some polyaxial locking mechanisms makes
them more vulnerable to failure’*. In the present study, the construction did not support high flexion loads, as there was a
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gap in the locking system between the screw and the rod, allowing the rod to move inside the device resulting in the failure
of the construction. This instability led to excessive atlantoaxial distancing, as the screw was no longer locked in the system.
When load was applied, the distancing was not contained by any effective stabilization, and atlantoaxial displacements were

at least 8 mm, practically double the distance recognized as diagnostic for AAS.

The methodology of this study has some limitations. First, the specimens used as experimental models were significantly
larger than the vertebral size of toy breed dogs typically affected by AAS. However, the techniques used, the implant placement
sites and the comparison between groups did not seem to be limiting factors for the applicability of these results in smaller
dogs. Furthermore, dogs of any age, size and breed can be affected by traumatic AAS. In addition, previous biomechanical
studies involving atlantoaxial stabilization use Beagle dogs as models***. So, our study allows for more reliable comparisons

between the results.

The biomechanical evaluation was performed only under ventral flexion force, but the atlantoaxial joint of a live animal
is submitted to multidirectional movements. Although studying effects of a unidirectional force is a possible limitation,
this ventral flexion force is considered one of the main vectors in AAS since the weight of the head is the most significant
source of tension in the canine atlantoaxial joint>*. Finally, this study was carried out under in-vitro conditions, and the

effects of clinical factors cannot be discussed.

Conclusion

Based on the experimental results, we concluded that the better distribution of the implants along the vertebral surfaces
of C1 and C2 provides biomechanical advantages, such that the cemented technique is superior, both under the action of
predefined constant load and a gradual increase in load, and the polyaxial screws technique, with the configuration proposed

in this study, has no biomechanical advantages for atlantoaxial stabilization in PLA models.
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