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Objective: This study aims to evaluate the biomechanical properties of polyaxial

screws-rod fixation (PSR) in stabilizing a single vertebral motion unit (VMU)

fracture model and to compare the e�ectiveness of di�erent stabilization

techniques such as monocortical and bicortical.

Methods: A total of 12 thoracolumbar vertebral column specimens were

harvested from canine cadavers. These specimens were divided into two

groups based on the stabilization technique applied: a monocortical group

and a bicortical group. Each group underwent biomechanical testing to assess

flexion/extension and lateral bending motions. The range of motion (ROM),

neutral zone (NZ), and sti�ness were measured for each lumbar VMU in three

conditions: intact, fractured with unilateral stabilization, and fractured with

bilateral stabilization.

Results: In the 3-column fracture model, PSR was unable to restore the

ROM of an intact spine in flexion/extension. In lateral bending, only bilateral

PSR successfully approached the ROM of the intact spine. Notably, PSR

failures were observed in four specimens when applied as monocortical and

unilateral stabilization.

Conclusion: The findings indicate that even bilateral PSR does not fully restore

the intact spine’s ROM in canine fracturemodels, highlighting the need for further

research to optimize stabilization techniques. The current study demonstrates

that a single 3-column lumbar fracture model VMU cannot be adequately

stabilized using PSR in a canine model, suggesting potential limitations in both

monocortical and bicortical approaches.

KEYWORDS

lumbar spine stabilization, polyaxial screws, canine neurosurgery, biomechanical

evaluation, veterinary orthopedics

1 Introduction

The canine lumbar spine is a common site for traumatic vertebral fracture/luxation

and for vertebral instability of congenital or iatrogenic origin (1). Although the

decision on when to stabilize the vertebral column appears straightforward (two

compartments of the 3-column model), the how remains not so clear (2, 3). Despite a

few canine studies (4–8), the majority of current stabilization techniques are based on

biomechanical assumptions derived from canine long-bone orthopedic principles and/or
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translated from human spine knowledge. Currently, vertebral

stabilization in veterinary surgery lacks a robust evidence-based

foundation (9). The stabilization techniques we have used in the

past appear to work and have stood the test of time. However,

understanding the canine-specific biomechanical properties of both

old and new implants can only make constructs stronger and

neurosurgery safer.

In the realm of veterinary neurosurgery, human pedicle screw

rod fixation (PSR), specifically the polyaxial type, has become a

versatile tool akin to a “Swiss knife” for stabilization in dogs.

This technology, a relative newcomer in veterinary neurosurgery,

has been the gold standard in human surgery for over three

decades (10). Unlike traditional plate and screw stabilization,

each PSR allows for optimal placement in areas with maximal

vertebral bone stock, ensuring robust bone purchase before being

interconnected by a rod. This “internal fixator” is made from

medical-grade titanium, making it MRI-compatible and thus

suitable for postoperative or follow-up imaging.

Compared to screw-and-cement methods, PSR systems are

less bulky, carry a reduced risk of infection, and allow for

straightforward revisions by disconnecting the three polyaxial

screw components: the screw [head (tulip), screw shaft], the

rod, and the set screw (or cap; Figure 1) (11, 12). Veterinary

polyaxial systems, such as those from (ex: Invetra (Neuromed);

Pedro (Overvet), Vesta (Travmavet), Arcas (Artemedics), Fusion

Implants pedicle screws systems) have emerged on the market,

featuring screw shaft designs closely mirroring their human

counterparts (13–17). However, the optimal design for canine

vertebrae has not been evaluated, and it is unclear whether

designs such as cortical screws, cancellous screws, hybrid

cortical/cancellous, or locking screws offer specific advantages for

canine spine stabilization.

The research field for spinal stabilization in veterinary medicine

remains widely unexplored, and despite some existing knowledge

(5, 18), significant uncertainties persist. For instance, it is

not clear whether stabilization should be unilateral or bilateral

and whether it should employ mono- or bicortical fixation to

optimally stabilize the thoracolumbar spine (19). Additionally, the

relationship between the type of vertebral fracture/luxation type

and the number of vertebral segments requiring stabilization is

also not well-defined. Given these gaps, there is a pressing need

for comprehensive, foundational research in this area. With this

in mind, our study aims to advance the understanding of the

biomechanics of pedicle screw fixation in a single vertebral motion

unit (VMU), providing essential insights that could inform future

developments in canine spinal stabilization.

In this research study, our objective was to evaluate the

biomechanical properties of polyaxial screws-rod fixation of a

single VMU to stabilize a 3-column fracture model of the canine

lumbar spine. With respect to a clinical setting, we wished to

understand if the biomechanical properties of the intact spine

could be restored using a single VMU stabilization. We aimed to

study and compare the ranges of motion (ROM), neutral zone, and

stiffness in flexion/extension and lateral bending of a single lumbar

VMU in an intact spine and a 3-column “fracture/luxation model”

using different stabilization configurations. We hypothesized that

(1) a bicortical or monocortical bilateral PSR construct will restore

intact spine biomechanical properties in a 3-column fracture model

and (2) that a monocortical or bicortical unilateral construct

will not.

2 Material and methods

2.1 Study design

The thoracolumbar vertebral column specimens (T13-L3

segments) collected from 12 canine cadavers were assigned to

a cortical purchase testing group [monocortical group (n =

6) and bicortical group (n = 6)]. All T13-L3 segments were

tested in flexion/extension and lateral bending. Axial rotation

was not tested. Following neutralization of the T13-L1 and

L2-L3 VMUs, the L1-L2 VMU was tested for each group in

the two directions as (1) intact specimen, (2) with unilateral

fixation, (3) with bilateral fixation, then following creation of

the fracture model, (4) with bilateral fixation, and finally (5)

with unilateral fixation. Figures 2, 3 summarize and illustrate

the sequence in which testing was performed. The study was

performed in this sequence to minimize the number of cadavers

to be used, with the 3R principles of scientific research in mind

(20). For the 3-column fracture model (fracture/luxation model),

the posterior ligamentous complex (interspinous ligament, dorsal

spinous ligament, articular process capsules), dorsal and ventral

longitudinal ligaments, and intervertebral disc between L1–L2

were removed. Each unilateral construct comprised two polyaxial

pedicle screws and one rod, while bilateral constructs included four

screws and two rods. Randomization of the initial stabilization side,

the rod removal side for fracture model testing, and the testing

sequence (flexion/extension, lateral bending) was achieved using a

computer-generated random number table (Excel and Microsoft).

Implants were visually confirmed as monocortical or bicortical

during testing and verified post-testing using CT imaging.

2.2 Specimen collection and preparation

This original research study was considered a sub-threshold

for ethical approval by the conveyor of ethics at our institution.

Consent to use the canine cadavers had been granted by their

previous owners.

Thoracolumbar vertebral specimens (T13-L3) were collected

from canine cadavers [median body weight: 12 kg (SD: 1.1)]

of a single breed (Beagle). The dogs were skeletally mature

and had no evidence of vertebral column disease on CT. All

vertebral ligaments (supraspinous and interspinous ligaments

and ligamentum flavum), intervertebral discs, and joint capsules

were preserved. Epaxial musculature was removed. Tissues were

maintained in a moist state using gauze impregnated with

0.9% saline solution throughout preparation, storage, and testing.

Specimens were individually wrapped in saline-soaked towels and

plastic bags and stored at−20◦C.

Spine segments were thawed to room temperature on the

day of testing and then mounted in a spine tester with infrared

motion capture (Figures 4A, B). The T13-L1 and L2-L3 VMUs were

neutralized using 2 × 1.6mm Steinman pins inserted in T13 and

L3, traversing the intervertebral disc and penetrating the cranial
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FIGURE 1

(A) The di�erent parts of a polyaxial pedicle screw. (B) Design of the polyaxial screw used in this study. (C) Degrees of angulation possible with a

polyaxial screw using a ball-in-the-socket design.

FIGURE 2

Biomechanical testing flowchart for the two groups (monocortical and bicortical). The intact spine was first tested in flexion/extension and lateral

bending. A unilateral PSR was then added (side randomization) and tested. The PSR was then added on the contralateral side and tested. The

intervertebral disc, posterior ligament complex, and articular process capsules were removed, creating a 3-column fracture model with bilateral PSR

in place, and the model was tested in the two directions. The unilateral PSR construct was then tested following the contralateral side PSR

disassembly.

part of the L1 vertebra and the caudal part of the L2 vertebra.

T13 and L3 were cleaned of all soft tissue, and part of the spinous

process was removed and secured in fixture pots by using the

four spine tester fixture pot screws. The screws, along with the

cranial third of T13 and the caudal third of L3, were embedded

in polymethylmethacrylate (PMMA) (Technovit, Kulzer, Germany;

Figure 4C). Intact specimens allowed motion at a single VMU:

L1-L2. T13-L1 and L2-L3 VMUS absence of motion was inspected

visually by two observers before testing. These are referred to as the

“spine segments.”

Polyaxial pedicle screws (Neuromed, Invetra: diameter: 2.0mm

and lengths: 12mm for monocortical and 18mm for bicortical

constructs) were inserted following predrilling with a 1.5mm

drill bit (Figure 4D). Screw diameter was established based on
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FIGURE 3

Illustration of the biomechanical testing in the present study as described in Figure 2. Testing was performed in this manner for the monocortical and

bicortical group.

preoperative CT in light of the available safe bone corridor of all

vertebrae. In the absence of specific guidelines, we estimated that

screw size should be between 33%−66% of the bone mass available

in the vertebral body (based on the authors’ clinical experience).

The bone mass available was calculated by measuring the distance

(b) between the inner and the outer cortices. The width would

have to be perpendicular to the expected trajectory (a) (Figure 5A).

Ultimately, in our study, the diameter of the screws (c= 2mm) was

33% of the bone stock available (b= 6mm). Using CT data acquired

prior to testing, the aforementioned screw lengths were selected to

achieve mono- or bicortical purchase of the vertebral body. The

screw entry points for each vertebra were approximated to a similar

safe entry point based on CT data in a “clinical case” fashion (4).

The exit points were such that screw trajectories would not cross

paths (Figure 5B). Convergence or divergence of ipsilateral screws

was not defined.

2.3 Specimen testing

The spine segments were attached to a customized spinal

loading simulator with three linear and three rotational degrees

of freedom. A torque was applied with electric motors in one axis

while the two others were free to rotate, and the three-translation

axis was gliding on air bearings. Torque was applied within a

range of −2 to +2Nm at a rate of 1◦/s. Two modes were tested:

flexion/extension and lateral bending. A load cell (MC3A, AMTI,

USA) recorded the torque while positioning markers tracked by

a motion capture camera (Certus Optotrak, Northern Digital,

Canada) at 100Hz allowed the computation of the angle between

the top and bottom plates, which is the angle of the L1-L2

functional spinal unit. Each cycle was repeated three times to

minimize viscoelastic creeping, and the last cycle was reserved

for the computation of the results. The synchronization of the

torque signal with the angle allowed us to compute the torque-angle

diagram to extract the ROM.

The relative ROMof the treated segment in all four stabilization

configurations was defined as the percentage of the ROM relative

to the ROM of the untreated segment (intact specimen), which

was considered to have 100% ROM. Neutral zone and stiffness

and relative neutral zone and relative stiffness are parameters

provided by the software. The neutral zone (RNZ) refers to the

spinal segment’s range of motion (ROM) that occurs with minimal

resistance. The stiffness quantifies the resistance of the construct to

deformation under applied loads and is calculated as the slope of

the load-displacement curve.

2.4 Statistical analysis

Power analysis was carefully considered prior to testing.

Following a thorough literature review (21–25), no “golden

number” could be identified for a spine biomechanical study,

and therefore, consultation with the biomechanical spine testing

laboratory (which has know-how and repeatability of methodology

expertise) led to the suggestion that six specimens per group

should be sufficient. The Shapiro–Wilk test was used to establish
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FIGURE 4

(A) Spine tester (arrow: Specimen being tested; bidirectional arrows: directions of motion). (B) Infrared camera. (C) Spine segment in fixture pots filled

with PMMA. (D) Neuromed polyaxial pedicle screw kit.

FIGURE 5

(A) Postoperative CT with trajectory and depth for a monocortical screw. a: Distance from cortex to cortex, b: the width of the bone stock in the

vertebral body, c: the width of a 2mm screw is 33% of b. (B) Entry point zone for the screws. Lines 1–4 delineate the area of insertion: (1) the floor of

the vertebral canal, (2) the base of the transverse process, (3) the cranial edge of the transverse process at its starting point on the vertebral body, and

(4) the caudal edge of the transverse process at its starting point on the vertebral body.
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FIGURE 6

Absolute range of motion, neutral zone, and sti�ness datasets of the di�erent PSR constructs compared to the intact spine (brackets above) in

flexion/extension and lateral bending. Blue dots: monocortical screws; red dots: bicortical screws. Blue asterisks note a statistically significant

di�erence between the monocortical values being compared. Red asterisks note a statistically significant di�erence between the bicortical values

being compared.

the normality of the distribution, and the Wilcoxon signed-rank

test was performed to compare differences between groups in the

context of small sample groups. The P-value significance was set at

<0.05. Descriptive statistics for central tendency and variability are

expressed using the median and the standard deviation or IQR.

3 Results

Using the Shapiro–Wilk test, median absolute values for all

testing showed a significant departure from normal distribution (P-

value: 0.049). In the following paragraphs, the P-values are obtained

by comparing the findings to the intact spine range datasets.

Figure 6 plots the absolute ROM, NZ, and stiffness datasets in

flexion/extension and lateral bending. The large bar indicates

the median for each dataset, and the narrow bars above/under

represent the interquartile range. Brackets indicate the comparison

to the intact spine of the various constructs, and the asterisks

indicate significant differences.

3.1 Range of motion

3.1.1 Intact specimen
a) Flexion/extension

During the flexion/extension testing, the median ROM was

24.94 (IQR: 3.64) degrees for the six spines prepared with

monocortical screws and 29.45 (IQR: 8.72) degrees for the six spines

prepared with bicortical screws. Adding a unilateral monocortical

and bicortical PSR, we found that the median ROM decreased

(not significantly) to 24.82 (IQR: 3.19) degrees (P = 0.16) and

increased (not significantly) to 29.93 (IQR: 8.56) degrees (P= 0.56),

respectively. By adding a bilateral monocortical and bicortical PSR,

the median ROM decreased further (not significantly) to 21.62

(IQR: 2.21) degrees (P = 0.003) and (not significantly) to 28.94

(IQR: 7.40) degrees (P = 0.06).

b) Lateral bending

During the lateral bending testing, the median ROM was 33.52

(IQR: 2.18) degrees for the six spines prepared with monocortical

screws and 36.74 (IQR: 8.63) degrees for the six spines prepared

with bicortical screws. By adding a unilateral monocortical and

bicortical PSR, the median ROM decreased (significantly) to 24.90

(IQR: 4.79) degrees (P =0.003) and to 28.90 (IQR: 9.40) degrees

(P =0.03), respectively. By adding a bilateral monocortical and

bicortical PSR, the median ROM decreased (significantly) to 21.08

(IQR: 3.44) degrees (P = 0.003) and 22.37 (IQR: 11.24) degrees

(P = 0.03).

3.1.2 Fracture model
a) Flexion/extension

During flexion/extension testing, the bilateral monocortical

and bicortical PSR median ROM significantly increased to 37.21

(IQR: 1.96) degrees (P = 0.003) and 42.40 (IQR: 5.60) degrees (P =

0.03). Following the removal of a unilateral construct, the median
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range of motion ROM in the unilateral monocortical and bicortical

PSR fracture models significantly increased further to 44.32

degrees (IQR:4.37; P = 0.007) and 48.22 degrees (IQR: 3.34; P =

0.03), respectively. In two specimens with unilateral monocortical

stabilization, screw loosening led to failure before reaching the

torque threshold during testing. Supplementary Video 1 shows the

behavior of a unilateral bicortical PSR construct with the vertebral

body rotating around the screw shaft.

b) Lateral bending

During the lateral bending testing, the bilateral monocortical

and bicortical PSR median ROM significantly increased to 23.19

(IQR: 2.75) degrees (P = 0.03) and 24.32 (IQR: 11.73) degrees (P =

0.03), respectively. The unilateral monocortical and bicortical PSR

median ROM increased significantly to 42.64 (IQR: 10.88) degrees

(P = 0.012) and 43.12 (IQR: 8.33) degrees (P = 0.03), respectively.

In two spines with unilateral monocortical stabilization, screw

loosening caused failure before reaching the torque threshold

during testing.

3.2 Neutral zone

3.2.1 Intact spine
a) Flexion/extension

During the flexion/extension testing, the median NZ was 2.39◦

(IQR: 0.65◦) degrees for the six spines prepared with monocortical

screws and 2.64◦ (IQR: 0.63◦) degrees for the six spines prepared

with bicortical screws. By adding a unilateral monocortical and

bicortical PSR, the median NZ increased (significantly) to 3.90◦

(IQR: 1.21◦) degrees (P = 0.03) and increased (significantly) to

4.01◦ (IQR: 0.76◦) degrees (P = 0.03), respectively. By adding a

bilateral monocortical and bicortical PSR, the median NZ increased

(not significantly) to 2.66◦ (IQR: 0.73◦) degrees (P = 0.22) and

3.13◦ (IQR: 0.10◦) degrees (P = 0.06).

b) Lateral bending

During the lateral bending testing, the median NZ was 6.52◦

(IQR: 1.72◦) degrees for the six spines prepared with monocortical

screws and 6.31◦ (IQR: 5.46◦) degrees for the six spines prepared

with bicortical screws. By adding a unilateral monocortical and

bicortical PSR, themedian NZ decreased (not significantly) to 5.41◦

(IQR: 0.47◦) degrees (P =0.06) and decreased (not significantly)

to 5.86◦ (IQR: 2.11◦) degrees (P = 0.56), respectively. By adding

a bilateral monocortical and bicortical PSR, the median NZ

decreased (significantly) to 4.65◦ (IQR: 2.06◦) degrees (P = 0.03)

and (not significantly) to 4.55◦ (IQR: 3.32) degrees (P = 0.09).

3.2.2 Fracture model
a) Flexion/extension

During flexion/extension testing, the bilateral monocortical

and bicortical PSR median NZ (significantly) increased to 9.22◦

(IQR: 2.37◦) degrees (P = 0.03) and 7.41◦ (IQR: 0.86◦) degrees

(P = 0.03). Following the removal of a unilateral construct, the

unilateral monocortical and bicortical PSR fracture model median

neutral zone (not significantly) increased to 7.42◦ (IQR: 0.87◦)

degrees (P = 0.12) and significantly to 7.75◦ (IQR: 2.04◦) degrees

(P = 0.03), respectively. Two spines with unilateral monocortical

stabilization reached the maximum spine tester ROM before the

torque threshold testing because of failure (screw loosening).

b) Lateral bending

During the lateral bending testing, the bilateral monocortical

and bicortical PSR median NZ significantly decreased to 5.36◦

(IQR: 0.91◦) degrees (P= 0.03) and not significantly to 5.42◦ (IQR:

2.29◦) degrees (P =0.31), respectively. The unilateral monocortical

and bicortical PSR median NZ increased not significantly further

to 11.99◦ (IQR: 4.00◦) degrees (P = 0.12) and 7.92◦ (IQR:

0.87◦) degrees (P = 0.67), respectively. Two spines with unilateral

monocortical stabilization reached the maximum spine tester

ROM before the torque threshold testing because of failure

(screw loosening).

3.3 Sti�ness

3.3.1 Intact spine
a) Flexion/extension

During the flexion/extension testing, the median stiffness was

7.9 Ncm (IQR: 4.08 Ncm) for the six spines prepared with

monocortical screws and 5.80 Ncm (IQR: 1.13 Ncm) for the six

spines prepared with bicortical screws. By adding a unilateral

monocortical and bicortical PSR, the median stiffness increased not

significantly to 7.95 Ncm (IQR: 3.29 Ncm; P = 0.44) and increased

significantly to 7.07 Ncm (IQR: 1.43 Ncm; P = 0.03), respectively.

By adding a bilateral monocortical and bicortical PSR, the median

stiffness increased significantly to 11.14 (IQR: 3.17) Ncm (P= 0.03)

and 7.45 Ncm (IQR: 1.73 Ncm) degrees (P = 0.03).

b) Lateral bending

During the lateral bending testing, the median stiffness was

4.94 Ncm (IQR: 1.20 Ncm) for the six spines prepared with

monocortical screws and 3.76 Ncm (IQR: 1.04 Ncm) for the six

spines prepared with bicortical screws. By adding a unilateral

monocortical and bicortical PSR, the median stiffness increased

significantly to 8.00 Ncm (IQR: 0.18 Ncm; P = 0.03) and 7.07

Ncm (IQR: 1.89 Ncm; P = 0.03), respectively. By adding a bilateral

monocortical and bicortical PSR, the median stiffness increased

significantly to 10.68 Ncm (IQR: 2.99 Ncm; P= 0.03) and 9.44 Ncm

(IQR: 5.23 Ncm; P = 0.03).

3.3.2 Fracture model
a) Flexion/extension
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During flexion/extension testing, the bilateral monocortical

and bicortical PSR median stiffness significantly decreased to 3.14

Ncm (IQR: 0.52 Ncm; P = 0.03) and 3.70 Ncm (IQR: 1.15 Ncm;

P = 0.03). Following the removal of a unilateral construct, the

unilateral monocortical and bicortical PSR fracture model median

stiffness did not significantly decrease to 1.49 Ncm (IQR: 0.18 Ncm;

P = 0.12) and significantly decreased to 2.06 Ncm (IQR: 0.96 Ncm;

P = 0.03), respectively. Two spines with unilateral monocortical

stabilization reached the maximum spine tester ROM before the

torque threshold testing because of failure (screw loosening).

b) Lateral bending

During the lateral bending testing, the bilateral monocortical

and bicortical PSR median stiffness significantly increased to 9.18

Ncm (IQR: 2.52 Ncm; P = 0.03) and 7.35 Ncm (IQR: 4.17 Ncm;

P = 0.03), respectively. The unilateral monocortical and bicortical

PSR median stiffness decreased not significantly to 2.73 Ncm

(IQR: 0.73 Ncm; P = 0.12) and 3.31 Ncm (IQR: 0.34 Ncm; P

= 0.84), respectively. Two spines with unilateral monocortical

stabilization reached the maximum spine tester ROM before the

torque threshold testing because of failure (screw loosening).

4 Discussion

This ex vivo biomechanical research study aims to provide

foundational insights into the biomechanics of pedicle screw-rod

fixation for stabilizing the canine lumbar spine. More specifically,

it compares unilateral and bilateral, monocortical and bicortical,

polyaxial screw-rod fixation in a single vertebral motion unit

(VMU) with the following key findings: (1) When PSR (unilateral

or bilateral) are added to an intact spine, there is no significant

change in the ROM in flexion/extension, whereas in lateral

bending, the ROM is significantly decreased, suggesting that a

single VMU PSR does not add stability to an intact spine. (2)

The ROM of an intact spine was never restored using PSR

(neither unilateral nor bilateral) in flexion/extension of a 3-column

fracture model, suggesting that a single VMU PSR is inadequate

for flexion-extension stabilization. (3) PSR failure occurred when

using unilateral monocortical fixation, suggesting that this type of

construct should not be used for the fractured spines (3-column

affected). These ex vivo results led us to reject the hypothesis that a

bilateral construct would be equal to or superior in rigidity to the

intact spine in a fracture model. We accepted the hypothesis that a

unilateral construct would not restore the rigidity of the intact spine

in a fracture model.

The study’s findings suggest that a one-segment construct,

despite using bilateral and bicortical posterior spinal rods

and fixation, is not recommended for stabilizing 3-column

spinal fractures. While the addition of a bilateral bicortical or

monocortical PSR increased the VMU rigidity in lateral bending

compared to the intact spine, no PSR construct was able to restore

the range of motion of the intact spine in flexion/extension. This

contrasts with the recommendations for themanagement of similar

injuries (AO classification B1, B2) (21) in humans, where short-

segment constructs are commonly used. However, the authors note

that in the human literature, if a displacement or dislocation is seen,

eight implants (four bilateral monocortical pedicle screws) (22) are

recommended with the implants placed in the vertebrae caudal

and cranial to the fracture. The authors suspect the difference in

findings between humans and dogs may be related to the method of

screw placement, as in the human spine, the pedicle screws engage

all three columns, whereas, in the canine lumbar spine, only two

columns can be effectively stabilized (except at L7, where the pedicle

is wide enough).

When assessing the neutral zone in the fracture model in

flexion/extension, it was valuable to observe that bilateral PSR

significantly increased NZ compared to the intact spine. This

finding indicates that stability was reduced. In lateral bending,

however, NZ significantly decreased, suggesting improved stability.

When assessing the spine stiffness in the fracture model, the data

suggests that bilateral PSR was necessary to increase stiffness.

Unilateral PSR decreased stiffness in the flexion-extension plane.

This may be attributed to the instability caused by the fracture,

which hinders a single-sided fixation’s ability to provide sufficient

support in a bilateral fracture model.

The reason for the failure in the fracture models with

the unilateral monocortical PSR in lateral bending and

flexion/extension was a surprising finding. This suggests that

the unilateral monocortical PSR construct was not strong enough

to withstand the forces applied during the flexion/extension and

lateral bending tests. The range of motion observed in Video 1

brings an insight into why this might have happened, as well as

highlight the rotation behavior of a single vertebral body around

the pedicle screw. The screws became loose, leading to the failure

of the construct before the full testing protocol could be completed.

Potential reasons for screw loosening with implants could include:

(1) insufficient purchase/fixation of monocortical screws within

the vertebral bone for the 3-column fracture model, (2) high

stresses placed on the unilateral construct during the testing in

this 3-column fracture model, (3) suboptimal screw placement

or orientation.

To adequately oppose flexion-extension in the canine lumbar

spine, the authors suggest that implants should be placed as dorsally

and perpendicular to the vertebral width as possible while ensuring

sufficient bone stock. Additional research is needed to evaluate the

feasibility of this approach and to explore whether longer-segment

constructs could enhance rigidity in flexion-extension stabilization

for dogs. The orientation of the screws within the vertebral bodies

(convergence vs. divergence) may also play a role and warrants

further investigation. Notably, while a unilateral bicortical PSR

increased rigidity compared to the intact spine, the authors could

not identify why this increase was not statistically significant.

Additional biomechanical studies are needed to fully elucidate the

optimal stabilization strategies for 3-column spinal fractures in the

canine patient.

Pedicle screw and rod systems (PSR) have become increasingly

available for use in veterinary medicine. These implants possess

unique characteristics that are important to understand prior

to clinical application. The existing biomechanical research for

veterinary PSR use has primarily focused on fixed (monoaxial)

trajectory screws (15) rather than the polyaxial type examined in

this study. Pedicle screws consist of a body, neck, and head. The
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head can be fixed in a set trajectory (monoaxial) or polyaxial.

The screw body can be cylindrical or conical, with an outer and

inner diameter. Generally, for human pedicle screws, a larger

outer diameter, smaller inner diameter, shorter pitch, and stronger

surrounding bone are thought to increase pullout strength (23).

While tapping improves screw trajectory (24), it may reduce pullout

strength and is therefore not recommended; underlapping by

1mm is proposed to preserve native bone properties (25). Screw

insertion can be initiated with a pilot hole, followed by pedicle

probing (26) or drilling (27), with low drill speeds recommended

to follow the path of least resistance. The outer diameter is the

most critical factor for pullout strength, while the inner diameter

primarily impacts screw fatigue. In veterinary applications, pullout

strength may be less crucial than in human use, given the lack

of clinically significant osteoporosis. Resistance to screw fatigue

may be the more important consideration. The polyaxial head-

screw coupling represents the weakest component (28). There

is debate regarding the biomechanical superiority of conical vs.

cylindrical inner cores, with concern that backing out conical

screws could substantially reduce pullout (29). Various thread

designs have been explored (30, 31), without consensus on an

optimal configuration. Converging pedicle screws by 30 degrees

in the coronal plane can increase pullout strength by 28% (32),

though longitudinal linkage provides improved stability without

convergence (33).

In the current study, 2.0mm screws were inserted following

1.5mm pilot hole drilling without tapping. Screw orientation and

monocortical depth were not standardized.

The primary limitations of this study include the ex vivo

nature of the testing, the small sample size, and the lack of

evaluation of a non-complete fracture model. While ex vivo

cadaveric biomechanical testing is crucial for understanding

spinal biomechanics and predicting in vivo responses, the

clinical relevance and translation to in vivo performance are

debatable. Specifically, this study did not account for the stabilizing

influence of the surrounding musculature, fascial planes, and

abdominal musculature during loading and movement, which

exist in live dogs. Despite previous efforts to standardize in vitro

biomechanical testing of spinal motion segments, significant

variation remains in experimental approaches (34). The small

sample size of six specimens is another limitation. Prior to

initiating this study, the authors reviewed the literature but

did not find a clear consensus on the minimum number of

samples required for an adequate biomechanical investigation

(35–39). During pretesting consultation with the biomechanical

spine testing laboratory (repeatability of methodology), a

suggestion based on prior studies was that six specimens

per group would be sufficient. Finally, the absence of testing

in axial rotation represents an additional limitation of the

current study.

Determining an appropriate sample size for a biomechanical

study is crucial to ensure adequate statistical power and the

ability to detect clinically meaningful differences. A key factor

in this process is the Minimal Clinically Important Difference

(MCID) (40), which represents the smallest change in an

outcome measure that is considered meaningful to patients. By

hypothesizing an MCID and estimating the expected standard

deviation of the outcome, researchers can calculate the required

sample size for a statistical test, such as a t-test. When the

MCID is unknown, researchers can rely on Cohen’s d effect size

(41), representing the standardized difference between the two

groups. A sample size can be calculated by specifying a desired

Cohen’s d and estimating the standard deviation. To determine

a reasonable MCID, researchers should consult the literature to

identify clinically relevant changes observed in previous studies.

Post-hoc power analysis, which involves calculating the power

of a study after data collection, is not a reliable method for

assessing the adequacy of sample size (42, 43). Instead, researchers

should evaluate the observed difference between groups (delta)

relative to the MCID. If the delta exceeds the MCID but the

statistical test is not significant, the study sample was insufficient.

Conversely, the study sample was excessive if the delta is smaller

than the MCID but the test is significant. By reporting the

MCID and standard deviation in their research, authors can

provide valuable information to future researchers for their own

sample size calculations, contributing to the advancement of

the field.

Data availability statement

The original contributions presented in the study are included

in the article/Supplementary material, further inquiries can be

directed to the corresponding author.

Ethics statement

The requirement of ethical approval was waived by Vetsuisse

Faculty University of Bern for the studies involving animals because

this original research study was considered as sub-threshold for

ethical approval by the conveyor of ethics at our institution.

Consent to use the canine cadavers had been granted by their

previous owners. The studies were conducted in accordance

with the local legislation and institutional requirements. Written

informed consent was obtained from the owners for the

participation of their animals in this study.

Author contributions

JG: Conceptualization, Data curation, Formal analysis,

Funding acquisition, Investigation, Methodology, Validation,

Writing – original draft, Writing – review & editing. BV:

Conceptualization, Data curation, Formal analysis, Investigation,

Methodology, Resources, Software, Validation, Visualization,

Writing – original draft, Writing – review & editing. RB:

Conceptualization, Methodology, Supervision, Validation, Writing

– original draft, Writing – review & editing. CP: Methodology,

Validation, Visualization, Writing – original draft, Writing –

review & editing. FF: Conceptualization, Formal analysis, Funding

Frontiers in Veterinary Science 09 frontiersin.org

https://doi.org/10.3389/fvets.2024.1434251
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Guevar et al. 10.3389/fvets.2024.1434251

acquisition, Methodology, Project administration, Resources,

Supervision, Validation, Writing – original draft, Writing – review

& editing.

Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. Open access

funding by University of Bern.

Acknowledgments

We are very thankful for the assistance and guidance with

regards to statistical analysis from Scott J. Hetzel MS, University

of Wisconsin-Madison, Department of Biostatistics and Medical

informatics. The authors would like to thank Neuromed for

providing the pedicle screws and rods for the study.

Conflict of interest

RB is a consultant for Neuromed.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fvets.2024.

1434251/full#supplementary-material

SUPPLEMENTARY VIDEO 1

Following testing, the ROM of the VMU stabilized with unilateral bicortical

PSR is demonstrated and highlights the rotation of the vertebra around the

screw shaft axis in flexion/extension.

References

1. Jeffery ND. Vertebral fracture and luxation in small animals. Vet Clin North Am -
Small Anim Pract. (2010) 40:809–28. doi: 10.1016/j.cvsm.2010.05.004

2. Shores A. Spinal trauma: pathophysiology and management of traumatic
spinal injuries. Vet Clin North Am Small Anim Pract. (1992) 22:859–88.
doi: 10.1016/S0195-5616(92)50080-8

3. Denis F. The three column spine and its significance in the
classification of acute thoracolumbar spinal injuries. Spine. (1983)
8:817–31. doi: 10.1097/00007632-198311000-00003

4. Hall DA, Snelling SR, Ackland DC, Wu W, Morton JM. Bending strength
and stiffness of canine cadaver spines after fixation of a lumbar spinal fracture-
luxation using a novel unilateral stabilization technique compared to traditional dorsal
stabilization. Vet Surg. (2015) 44:94–102. doi: 10.1111/j.1532-950X.2014.12268.x

5. Sturges BK, Kapatkin AS, Garcia TC, Anwer C, Fukuda S, Hitchens PL, et al.
Biomechanical comparison of locking compression plate versus positive profile pins
and polymethylmethacrylate for stabilization of the canine lumbar vertebrae. Vet Surg.
(2016) 45:309–18. doi: 10.1111/vsu.12459

6. Garcia JN, Milthorpe BK, Russell D, Johnson KA. Biomechanical study of canine
spinal fracture fixation using pins or bone screws with polymethylmethacrylate. Vet
Surg. (1994) 23:322–9. doi: 10.1111/j.1532-950X.1994.tb00491.x

7. Kikuchi Y, Shimada M, Yamaguchi S, Hara Y. Finite element analysis predictions
in the canine lumbar spine are useful and correlate with ex vivo biomechanical studies.
Am J Vet Res. (2023) 84:ajvr.23.06.0125. doi: 10.2460/ajvr.23.06.0125

8. Walker TM, Pierce WA, Welch RD. External fixation of the lumbar spine in a
canine model. Vet Surg. (2002) 31:181–8. doi: 10.1053/jvet.2002.31045

9. Hettlich B. Vertebral fracture and luxation repair. In: Shores A, and Brisson BA,
editors. Current Techniques in Canine and Feline Neurosurgery. Hoboken, NJ: John
Wiley & Sons, Inc (2017). p. 209–21. doi: 10.1002/9781118711545.ch25

10. de Kater EP, Sakes A, Edström E, Elmi-Terander A, Kraan G, Breedveld
P. Beyond the pedicle screw-a patent review. Eur Spine J. (2022) 31:1553–
65. doi: 10.1007/s00586-022-07193-z

11. Vaudaux PE, Zulian G, Huggler E, Waldvogel FA. Attachment of Staphylococcus
aureus to polymethylmethacrylate increases its resistance to phagocytosis in foreign
body infection. Infect Immun. (1985) 50:472–7. doi: 10.1128/iai.50.2.472-477.1985

12. Weh M, Kraus KH. Spinal fractures and luxations. In: Johnston SA, Tobias KM,
editors. Veterinary Surgery: Small Animal, 2nd Edn. St. Louis, MO: Elsevier (2018).
p. 487–503.

13. Zindl C, Litsky AS, Fitzpatrick N, Allen MJ. Kinematic behavior of a novel
pedicle screw-rod fixation system for the canine lumbosacral joint. Vet Surg. (2018)
47:114–24 doi: 10.1111/vsu.12742

14. Tellegen AR, Willems N, Tryfonidou MA, Meij BP. Pedicle screw-rod fixation:
a feasible treatment for dogs with severe degenerative lumbosacral stenosis. BMC Vet
Res. (2015) 11:299. doi: 10.1186/s12917-015-0614-3

15. Lewchalermwong P, Suwanna N, Meij BP. Canine vertebral screw and rod
fixation system: design and mechanical testing. Vet Comp Orthop Traumatol. (2018)
31:095–101. doi: 10.3415/VCOT-17-03-0040

16. Smolders LA, Voorhout G, van de Ven R, Bergknut N, Grinwis GC, Hazewinkel
HA, et al. Pedicle screw-rod fixation of the canine lumbosacral junction. Vet Surg.
(2012) 41:720–32. doi: 10.1111/j.1532-950X.2012.00989.x

17. Guevar J, Samer ES, Precht C, Rathmann JMK, Forterre F. Accuracy and safety of
neuronavigation for minimally invasive stabilization in the thoracolumbar spine using
polyaxial screws-rod: a canine cadaveric proof of concept.Vet CompOrthop Traumatol.
(2022) 35:370–80. doi: 10.1055/s-0042-1750056

18. Hettlich BF, Allen MJ, Pascetta D, Fosgate GT, Litsky AS. Biomechanical
comparison between bicortical pin and monocortical screw/polymethylmethacrylate
constructs in the cadaveric canine cervical vertebral column. Vet Surg. (2013) 42:693–
700. doi: 10.1111/j.1532-950X.2013.12040.x

19. Liu L, Wang H, Wang J, Wang Q, Cheng S, Li Y, et al. The
methods for inserting lumbar bicortical pedicle screws from the anatomical
perspective of the prevertebral great vessels. BMC Musculoskelet Disord. (2019)
20:380. doi: 10.1186/s12891-019-2756-0

20. Sneddon LU, Halsey LG, Bury NR. Considering aspects of the 3Rs
principles within experimental animal biology. J Exp Biol. (2017) 220:3007–
16. doi: 10.1242/jeb.147058

21. https://surgeryreference.aofoundation.org/spine/trauma/thoracolumbar/b2/
posterior-short-segment-fixation-with-pedicle-screws

22. Posterior Long Segment Fixation (C). Available at: https://surgeryreference.
aofoundation.org/spine/trauma/thoracolumbar/c/posterior-long-segment-fixation-
c#reduction-with-pedicle-screws (accessed November 29, 2024).

23. Chapman JR, Harrington RM, Lee KM, Anderson PA, Tencer AF, Kowalski D.
Factors affecting the pullout strength of cancellous bone screws. J Biomech Eng. (1996)
118:391–8. doi: 10.1115/1.2796022

24. Erkan S, Hsu B, Wu C, Mehbod AA, Perl J, Transfeldt EE. Alignment of pedicle
screws with pilot holes: can tapping improve screw trajectory in thoracic spines? Eur
Spine J. (2010) 19:71–7. doi: 10.1007/s00586-009-1063-0

25. Carmouche JJ, Molinari RW, Gerlinger T, Devine J, Patience T. Effects of
pilot hole preparation technique on pedicle screw fixation in different regions
of the osteoporotic thoracic and lumbar spine. J Neurosurg Spine. (2005) 3:364–
70. doi: 10.3171/spi.2005.3.5.0364

Frontiers in Veterinary Science 10 frontiersin.org

https://doi.org/10.3389/fvets.2024.1434251
https://www.frontiersin.org/articles/10.3389/fvets.2024.1434251/full#supplementary-material
https://doi.org/10.1016/j.cvsm.2010.05.004
https://doi.org/10.1016/S0195-5616(92)50080-8
https://doi.org/10.1097/00007632-198311000-00003
https://doi.org/10.1111/j.1532-950X.2014.12268.x
https://doi.org/10.1111/vsu.12459
https://doi.org/10.1111/j.1532-950X.1994.tb00491.x
https://doi.org/10.2460/ajvr.23.06.0125
https://doi.org/10.1053/jvet.2002.31045
https://doi.org/10.1002/9781118711545.ch25
https://doi.org/10.1007/s00586-022-07193-z
https://doi.org/10.1128/iai.50.2.472-477.1985
https://doi.org/10.1111/vsu.12742
https://doi.org/10.1186/s12917-015-0614-3
https://doi.org/10.3415/VCOT-17-03-0040
https://doi.org/10.1111/j.1532-950X.2012.00989.x
https://doi.org/10.1055/s-0042-1750056
https://doi.org/10.1111/j.1532-950X.2013.12040.x
https://doi.org/10.1186/s12891-019-2756-0
https://doi.org/10.1242/jeb.147058
https://surgeryreference.aofoundation.org/spine/trauma/thoracolumbar/b2/posterior-short-segment-fixation-with-pedicle-screws
https://surgeryreference.aofoundation.org/spine/trauma/thoracolumbar/b2/posterior-short-segment-fixation-with-pedicle-screws
https://surgeryreference.aofoundation.org/spine/trauma/thoracolumbar/c/posterior-long-segment-fixation-c#reduction-with-pedicle-screws
https://surgeryreference.aofoundation.org/spine/trauma/thoracolumbar/c/posterior-long-segment-fixation-c#reduction-with-pedicle-screws
https://surgeryreference.aofoundation.org/spine/trauma/thoracolumbar/c/posterior-long-segment-fixation-c#reduction-with-pedicle-screws
https://doi.org/10.1115/1.2796022
https://doi.org/10.1007/s00586-009-1063-0
https://doi.org/10.3171/spi.2005.3.5.0364
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Guevar et al. 10.3389/fvets.2024.1434251

26. Pedicle-screw-insertion. Available at: https://surgeryreference.aofoundation.
org/spine/trauma/thoracolumbar/basic-technique/pedicle-screw-insertion (accessed
November 29, 2024).

27. Perna F, Borghi R, Pilla F, Stefanini N, Mazzotti A, Chehrassan M. Pedicle screw
insertion techniques: an update and review of the literature.Musculoskelet Surg. (2016)
100:165–9. doi: 10.1007/s12306-016-0438-8

28. Fogel GR, Reitman CA, Liu W, Esses SI. Physical characteristics of polyaxial-
headed pedicle screws and biomechanical comparison of load with their failure. Spine.
(2003) 28:470–3. doi: 10.1097/01.BRS.0000048652.45964.2E

29. Abshire BB,McLain RF, Valdevit A, Kambic HE. Characteristics of pullout failure
in conical and cylindrical pedicle screws after full insertion and back-out. Spine J.
(2001) 1:408–14. doi: 10.1016/S1529-9430(01)00119-X

30. Lill CA, Schneider E, Goldhahn J, Haslemann A, Zeifang F. Mechanical
performance of cylindrical and dual core pedicle screws in calf and human vertebrae.
Arch Orthop Trauma Surg. (2006) 126:686–94. doi: 10.1007/s00402-006-0186-6

31. Mummaneni P V, Haddock SM, Liebschner MAK, Keaveny TM, Rosenberg WS.
Biomechanical evaluation of a double-threaded pedicle screw in elderly vertebrae. Clin
Spine Surg. (2002) 15:64–8. doi: 10.1097/00024720-200202000-00012

32. Barber JW, Boden SD, Ganey T, Hutton WC. Biomechanical study of lumbar
pedicle screws: does convergence affect axial pullout strength? Clin Spine Surg. (1998)
11:215–20. doi: 10.1097/00002517-199806000-00007

33. Sterba W, Kim D-G, Fyhrie DP, Yeni YN, Vaidya R. Biomechanical
analysis of differing pedicle screw insertion angles. Clin Biomech. (2007) 22:385–
91. doi: 10.1016/j.clinbiomech.2006.11.007

34. Gonzalez-Blohm SA, Doulgeris JJ, Lee WE 3rd, Shea TM, Aghayev K, Vrionis
FD. The current testing protocols for biomechanical evaluation of lumbar spinal
implants in laboratory setting: a review of the literature. Biomed Res Int. (2015)
2015:506181. doi: 10.1155/2015/506181

35. Costi JJ, Ledet EH, O’Connell GD. Spine biomechanical testing methodologies:
the controversy of consensus vs scientific evidence. JOR Spine. (2021)
4:e1138. doi: 10.1002/jsp2.1138

36. Goel VK, Panjabi MM, Patwardhan AG, Dooris AP, Serhan H. Test protocols
for evaluation of spinal implants. J Bone Jt Surg. (2006) 88(SUPPL. 2):103–
9. doi: 10.2106/JBJS.E.01363

37. Wilke HJ, Wenger K, Claes L. Testing criteria for spinal implants:
recommendations for the standardization of in vitro stability testing of
spinal implants. Eur Spine J. (1998) 7:148–54. doi: 10.1007/s0058600
50045

38. Ashman RB, Bechtold JE, Edwards WT, Johnston CE 2nd, McAfee
PC, Tencer AF. In vitro spinal arthrodesis implant mechanical testing
protocols. J Spinal Disord. (1989) 2:274–81. doi: 10.1097/00002517-198912000-
00012

39. Olson SA, Marsh JL, Anderson DD, Latta Pe LL. Designing a biomechanics
investigation: choosing the right model. J Orthop Trauma. (2012) 26:672–
7. doi: 10.1097/BOT.0b013e3182724605

40. Cook CE. Clinimetrics corner: the minimal clinically important
change score (MCID): a necessary pretense. J Man Manip Ther. (2008)
16:E82–3. doi: 10.1179/jmt.2008.16.4.82E

41. Cohen J. Statistical Power Analysis for the Behavioral Sciences. New York, NY:
Routledge Academic (1988).

42. Lenth RV. Post Hoc Power: Tables and Commentary. (2007). Available
at: https://stat.uiowa.edu/sites/stat.uiowa.edu/files/2024-04/Post-Hoc-Power-Tables-
Commentary.pdf (accessed November 29, 2024).

43. Zhang Y, Hedo R, Rivera A, Rull R, Richardson S, Tu XM. Post hoc
power analysis: is it an informative and meaningful analysis? Gen Psychiatr. (2019)
32:e100069. doi: 10.1136/gpsych-2019-100069

Frontiers in Veterinary Science 11 frontiersin.org

https://doi.org/10.3389/fvets.2024.1434251
https://surgeryreference.aofoundation.org/spine/trauma/thoracolumbar/basic-technique/pedicle-screw-insertion
https://surgeryreference.aofoundation.org/spine/trauma/thoracolumbar/basic-technique/pedicle-screw-insertion
https://doi.org/10.1007/s12306-016-0438-8
https://doi.org/10.1097/01.BRS.0000048652.45964.2E
https://doi.org/10.1016/S1529-9430(01)00119-X
https://doi.org/10.1007/s00402-006-0186-6
https://doi.org/10.1097/00024720-200202000-00012
https://doi.org/10.1097/00002517-199806000-00007
https://doi.org/10.1016/j.clinbiomech.2006.11.007
https://doi.org/10.1155/2015/506181
https://doi.org/10.1002/jsp2.1138
https://doi.org/10.2106/JBJS.E.01363
https://doi.org/10.1007/s005860050045
https://doi.org/10.1097/00002517-198912000-00012
https://doi.org/10.1097/BOT.0b013e3182724605
https://doi.org/10.1179/jmt.2008.16.4.82E
https://stat.uiowa.edu/sites/stat.uiowa.edu/files/2024-04/Post-Hoc-Power-Tables-Commentary.pdf
https://stat.uiowa.edu/sites/stat.uiowa.edu/files/2024-04/Post-Hoc-Power-Tables-Commentary.pdf
https://doi.org/10.1136/gpsych-2019-100069
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

	Comparative biomechanical analysis of monocortical and bicortical polyaxial screw rod fixation in canine lumbar vertebral stabilization
	1 Introduction
	2 Material and methods
	2.1 Study design
	2.2 Specimen collection and preparation
	2.3 Specimen testing
	2.4 Statistical analysis

	3 Results
	3.1 Range of motion
	3.1.1 Intact specimen
	3.1.2 Fracture model

	3.2 Neutral zone
	3.2.1 Intact spine
	3.2.2 Fracture model

	3.3 Stiffness
	3.3.1 Intact spine
	3.3.2 Fracture model


	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


