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ABSTRACT
Objective: To evaluate a new treatment for split fractures through fatigue tests on a swine model. Methods: Thirty lumbar spine samples 

(L2-L3-L4) from swine models were divided into three test groups. The first was the control group (intact vertebrae). In the second group, 
a bone defect was created, similar to a coronal split fracture of the vertebral body. For this, a bone defect (osteotomy) was performed in 
the coronal axis of the middle third of the middle lumbar vertebral body (L3), keeping the disc-ligament structures intact. In the third group, 
the same procedure was performed to cause bone failure, but was associated with the use of synthesis material, with pedicular fixation 
using 3.5 mm cannulated screws with partial thread, in order to apply compression at the fracture site, giving resistance and support to 
the vertebra. The groups were submitted to biomechanical fatigue tests. The number of cycles required to failure in the specimen was 
analyzed. Results: The use of the synthesis material increased the resistance of the fractured vertebrae to levels equal to those of the intact 
vertebra for low cycles with loads of 40% of the failure load, possibly losing up to 20% of their resistance for higher cycles. Conclusions: 
In the vertebrae in which synthetic material was used, greater resistance to a greater number of cycles for a longer period of time was 
observed when compared with the fractured vertebrae, suggesting that this is an interesting method for the fixation of split-type spinal 
fractures. Level of evidence III; Experimental Study.

Keywords: Fracture; Models, Animal; Spine; Fatigue.

RESUMO
Objetivo: Avaliar um novo tratamento de fraturas do tipo separação (split) através de ensaios de fadiga em modelo suíno. Métodos: Trinta 

amostras de coluna lombar (L2-L3-L4) de modelos suínos foram divididas em três grupos para testes. O primeiro constituiu o grupo controle 
(vértebras intactas). No segundo grupo, foi criado um defeito ósseo semelhante a uma fratura split coronal do corpo vertebral. Para tanto, 
criou-se um defeito ósseo (osteotomia) no eixo coronal do terço médio do corpo vertebral intermediário lombar (L3), mantendo as estruturas 
disco-ligamentares íntegras. No terceiro grupo, foi realizado o mesmo procedimento para causar a falha óssea, sendo associado o uso de 
material de síntese, com a fixação pedicular com parafuso canulado de 3,5 mm com rosca parcial, com objetivo de realizar compressão 
no foco da fratura e dar resistência e sustentação à vertebra. Os grupos foram submetidos a testes biomecânicos de fadiga. Foi analisado 
o número de ciclos necessários para que ocorresse a falha no corpo de prova. Resultados: O material de síntese aumenta a resistência da 
vértebra fraturada em níveis iguais aos da vértebra intacta para baixos ciclos e com cargas de 40% da tensão de ruptura, podendo perder 
até 20% de sua resistência para ciclos mais altos. Conclusões: Nas vértebras em que foi utilizado material de síntese observou-se maior 
resistência ao maior número de ciclos por um período mais prolongado em comparação com as vértebras apenas fraturadas, sugerindo 
que este é um método interessante para a fixação de fraturas do tipo split na coluna vertebral. Nível de evidência III; Estudo experimental.

Descritores: Fratura; Modelos Animais; Coluna Vertebral; Fadiga.

RESUMEN
Objetivo: Evaluar un nuevo tratamiento de fracturas lumbares del tipo separación (split) a través de ensayos de fatiga en modelo porci-

no. Métodos: Treinta muestras de columna lumbar (L2-L3-L4) de modelos porcinos fueron divididas en tres grupos para tests. El primero 
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INTRODUCTION
Coronal split fractures are well-recognized and well-differentiated 

from compression/wedge fractures of the vertebral body due to the 
peculiarity of their fracture line. There are few reports about this injury 
or about its treatment in the literature. The mechanism of this fracture 
is compression by axial load. The fracture is characterized by upper 
disc injury, crushing of the terminal plate and coronal cleavage of 
the vertebral body. The impaction injury of the vertebral body, re-
sulting in a split fracture in the frontal plane, is classified by the AO 
system as a type A2 fracture. Roy-Camille and Lelièvre1 proposed 
that this type of fracture be treated by posterior approach fixation 
with pedicle screws. Normally, the fracture consolidates regardless 
of the type of treatment and pseudoarthrosis of the vertebral body 
is rare after conservative treatment.2 Gaines and Humphreys3 state 
that in this type of fracture bone consolidation will not occur without 
surgical treatment.  

The thoracolumbar region is the most frequent site of spine 
fractures, especially at the T12-L1 level.4,5 According to Magerl et 
al.,6 burst type fractures were found in 66.1% of the cases evaluated. 
In A2 fractures, the middle and posterior spines are preserved and 
they are classified as stable fractures. Patients with compression 
fractures, such as the coronal split fracture, mainly receive conser-
vative treatment because they rarely present neurological deficits.7 
As conservative treatment, a thoracolumbosacral orthosis (TLSO) 
is applied for 8 to 12 weeks.8,9 The treatment prognosis usually 
appears to be good, but a small number of patients may experience 
persistent pain after the fracture is completely healed.10,11

However, surgical treatment may be necessary for coronal 
split fractures, as nonunion or pseudoarthrosis can occur due 
to invagination of the disc material at the fracture site.6,12 Short 
segment instrumentation or long segment fusion can be chosen 
as the treatment option depending on the situation. Currently, sa-
tisfactory results are being reported by performing short segment 
instrumentation with fusion.13

In this study, we are proposing an assessment of the behavior 
of coronal split fractures using fatigue tests. Different from the con-
ventional synthesis applied, the posterior approach using pedicle 
screws combined with rods, the proposal of the present study was to 
use cannulated titanium spongy-thread screws 3.5 mm in diameter 
and 40 mm in length. The objective was to analyze the number of 
cycles that the fractured vertebral bodies could withstand against 
the cyclic axial loads of the fatigue machine compared to a set 
of intact vertebrae submitted to the same loads under the same 
biomechanical conditions. 

METHODS
This is an experimental study that performed fatigue tests using 

sections of lumbar swine vertebrae. A total of 30 spinal segments 
from L2-L4 were used, maintaining the integrity of the vertebral bo-
dies, ligaments and intervertebral discs of the material obtained. The 
choice of the lower lumbar spine provided larger vertebral bodies 
and was used due to the insertion of synthesis materials. 

constituyó el grupo control (vértebras intactas). En el segundo grupo, fue creado un defecto óseo semejante a una fractura split coronal 
del cuerpo vertebral. Para tanto, se creó un defecto óseo (osteotomía) en el eje coronal del tercio medio del cuerpo vertebral intermedio 
lumbar (L3), manteniendo las estructuras disco-ligamentarias íntegras. En el tercer grupo, fue realizado el mismo procedimiento para causar 
la falla ósea, siendo asociado el uso de material de síntesis, con fijación pedicular con tornillo canulado de 3,5 mm con rosca parcial, con 
el objetivo de realizar compresión en el foco de la fractura y dar resistencia y sustentación a la vértebra. Los grupos fueron sometidos a 
tests biomecánicos de fatiga. Fue analizado el número de ciclos necesarios para que ocurriese la falla en el cuerpo de prueba. Resultados: 
El material de síntesis aumenta la resistencia de la vértebra fracturada en niveles iguales a los de la vértebra intacta para bajos ciclos y 
con cargas de 40% de la tensión de ruptura, pudiendo perder hasta 20% de su resistencia para ciclos más altos. Conclusiones: En las 
vértebras en que fue utilizado material de síntesis se observó mayor resistencia al mayor número de ciclos por un período más prolongado 
en comparación con las vértebras solamente fracturadas, sugiriendo que este es un método interesante para la fijación de fracturas de tipo 
split en columna vertebral. Nivel de evidencia III; Estudio experimental. 

Descriptores: Fractura; Modelos Animales; Columna Vertebral; Fatiga.

Animals of the Landrace breed with a mean age of 4.5 months 
and mean weight of approximately 120 kg were used, based on 
the studies by Busscher et al.14 The samples were obtained from a 
fridge and no live animals were handled. 

The models were prepared in order to be submitted to cyclic 
axial compression. In all the groups, excess muscle was removed 
from the vertebral segment, preserving the intervertebral discs, 
ligaments and nerve tissue. In the groups containing fractures, 
after cleaning, the bone injury was performed (type A2 fracture – 
coronal split) in 20 samples by coronal vertebral division with the 
aid of a Stryker® surgical pneumatic oscillating saw and surgical 
chisel. (Figure 1)

In 10 specimens the synthesis material was used for compres-
sion at the location of the fracture. Aided by a Stryker® pneumatic 
drill and using a Kirschner wire as a guide, the point of entry was 
made for placement of the cannulated screws with spongy hexa-
gonal thread and diameter of 3.5 mm, thread pitch of 1.25 mm 
and length of 40 mm, and compression of the fracture line was 
performed. (Figure 2) 

After the technical procedures on the vertebrae being studied 
were completed, the specimens were kept at a temperature of -20ºC 
until the tests were performed, when they were thawed for about 12h 
in a 0.9% saline solution and sealed in a plastic bag to rehydrate 
them, according to Adams.15 The spine models were analyzed by 
computed tomography (Toshiba® Aquilion 128-slice) to check the 
fracture pattern and, in those that had synthesis material, to also 
confirm whether it had reached the fractured part of vertebra L3 and 
was not in the spinal canal or outside the pedicle. (Figure 3)   

Considering the stability necessary, with no buckling of the mo-
del at the beginning of the application of the load, a specific device 
was used for the study, introduced into the vertebral canal in order 

Figure 1. Fracture by coronal division performed.
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to restrict lateral movement, flexion and extension of the specimen, 
allowing only axial forces to be applied. Because there is no specific 
standard for compression tests on organic materials, the ASTM 
E9-89a and ASTM F1717 standards used in static and fatigue tests 
on spinal implants, which define the compression test for metallic 
materials,16,17 were considered. Shimadzu equipment was used to 
perform the fatigue tests. (Figure 4)

The maximum failure load found for these specimens in the 
static regime occurs between 7kN and 10kN (Hubner et al).25 Lo-
ads at 40%, 60%, 70% and 80% of the maximum failure load were 
considered, following the test model executed by Parkinson et al.,18 
Failure of the specimen was defined as the moment when the force 
versus displacement curve shows a sudden drop.19 The S-N curve 
was established from the data obtained.

Statistical analysis was initially conducted with the Brown For-
sythe and Bartlett test to verify the homogeneity of the variances of 
the results obtained in the different groups of vertebrae. Normality 
analysis of the results was performed using the Shapiro-Wilk test. 
When normality was not observed, the results were transformed 

using the Box-Cox method. The comparison of the means of the 
number of cycles supported by the different groups of vertebrae 
under the different applied loads was performed through analysis 
of variance (single factor ANOVA) followed by the Tukey test. All 
statistical analysis was conducted using Statistica® 7.0 software 
(Statsoft Inc., Tulsa, OK, USA) with a confidence interval of 95%. 
The p-values obtained in the different Brown Forsythe, Bartlett and 
Shapiro-Wilk tests, as well as the lambda values used in the Box-Cox 
transformation are attached. 

RESULTS
Figure 5 shows that, as the load increases in the tests, the num-

ber of cycles to failure decreases, i.e., a high compressive load has 
a lower number of cycles until the failure of the specimen, while a 
low load determines a higher number of cycles until failure. Figure 5 
presents the results obtained for the different groups in an S-N-type 
graph. In the graph, it can be seen that the fractured specimens 
operated on using the proposed technique presented similar beha-
viors, but supported a slightly lower load. The fractured untreated 
specimens basically did not support load cycles. 

Using failure cycles of 40% of the maximum value, i.e., 2872N, 
we obtained a mean of 81,810 cycles in the intact vertebrae, 42,145 
cycles to failure in the group with synthesis and a mean of 1980 
cycles until failure in the group without synthesis. At a load of 60%, of 
the established maximum, or 4308N, we obtained a mean of 23,505 
in the control group, 2410 in the group with synthesis compared to 
860 cycles to failure in the group without synthesis. In the test at 
70% load, 5026N, the results were 15,592 cycles in the vertebrae 
without fracture, 1400 cycles with synthesis and 250 in those without 
synthesis. And finally, using a failure load of 5744N, i.e., 80% of the 
maximum value, we obtained 2,259 cycles in the intact vertebrae as 
opposed to 200 in the group with synthesis and 170 in the group 
without synthesis. 

When a failure load of 40% was applied there was no statistically 
significant difference in the number of cycles supported by the intact 
vertebrae and the with synthesis groups (p=0.0542). The intact ver-
tebrae group supported a statistically higher number of cycles than 
the without synthesis group (p=0.0064), just as the vertebrae with 
synthesis supported a higher number of cycles than the vertebrae 
without synthesis (p=0.0354). This result indicates that the synthesis 
increased the resistance of the vertebra to levels similar to those of 
an intact vertebra. When a failure load of 60% was applied there 
was no statistically significant difference in the number of cycles 
supported by the intact and with synthesis groups (p=0.0560), nor 
was there for the groups with and without synthesis (p=0.1051). In 
addition, there was a statistically significant difference in the number 
of cycles supported by the intact and without synthesis vertebra 
groups. This result indicates that synthesis increased the resistance 

Figure 2. (A) Segment of swine lumbar vertebrae L2-L3-L4 model showing 
the Kirschner wires at the entry point used as a guide, (B) Post-fixation of 
the fracture line with cannulated screws.

Figure 3. (A) Computed tomography of lumbar segment L3 vertebra after 
coronal split fracture (B) Computed tomography of lumbar vertebra L3 after 
osteosynthesis with cannulated screw, pedicular fixation.

Figure 4. Equipment used for the fatigue test.
Figure 5. S-N curve, load in kN x number of cycles (x103), for the intact 
specimens and fractured specimens with and without synthesis.
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of the vertebra to a level comparable to that of an intact vertebra 
(since there was no significant difference between the groups), but 
slightly lower (although there was no significant difference between 
the group with and the group without synthesis, there was a signifi-
cant difference between the intact and without synthesis groups). 
With a 70% failure load there was a statistically significant differ-
ence in the number of cycles supported between all the groups of 
vertebrae. The intact group supported a significantly higher number 
of cycles than either the group with synthesis (p=0.0034) or the 
group without synthesis (p=0.0007), just as the group with synthesis 
supported a significantly higher number than the group without syn-
thesis (p=0.0053). This result indicates that the synthesis increased 
the resistance of the fractured vertebra significantly, but not to levels 
comparable to those of intact vertebrae for this stress level. When a 
failure load of 80% was applied there was a statistically significant 
difference in the number of cycles supported by the intact verte-
brae group when compared to the groups with (p=0.0098) and 
without (p=0.0071) synthesis. There was no statistically significant 
difference between the number of cycles supported by the with and 
without synthesis groups (p=0.6619) at this stress level. This result 
indicates that synthesis did not significantly increase the resistance 
of the fractured vertebra at high stress levels, and the resistance of 
the intact vertebra was significantly higher. The results of the statisti-
cal analysis are summarized in Table 1. 

the topic. There is a considerable variety of techniques, conservative 
treatment with a rigid thoracolumbosacral orthosis (TLSO) or Jewett 
vest being one of the most used. Nonetheless, well-established 
bases are known for choosing an option in which stability criteria 
must be used in the treatment of spine fractures.23 On the other 
hand, some authors opt for surgical treatment, either by arthrodesis 
with long or short segment. Hubner et al.,24 published a study of the 
mechanical behavior of these fractures, considering that the first 
lumbar vertebra (L1) was fractured through different configurations 
of the fracture line. The authors discuss surgical and conservative 
treatment and show that coronal split fractures located in the ante-
rior portion of the vertebral body are subject to fewer stresses and 
displacements, being more amenable to conservative treatment as 
compared to the fractures that occur in the middle of the vertebral 
body, corroborating with the model proposed by Denis et al.,5 In this 
sense, we developed the minimally invasive percutaneous surgical 
procedure for these fractures in particular,25 previously presented 
in another article in this journal. The present study continues in that 
line of research and demonstrates, through an experimental test, the 
ability of the synthesis material being tested to support fractures, 
resisting a higher number of cyclic loads than fractured vertebrae 
in which no synthesis was used, under the same biomechanical 
conditions. Thus, in the future the surgeon will be able to make a 
choice between surgical and conservative treatment, supported by 
these new therapeutic tools.

During the treatment of the fractures, orthoses (TLSO vests) 
can be used to contribute to its success, although we know that 
these orthoses do not immobilize 100% of the segment, justifying 
a minimally invasive osteosynthesis. The evolution of technology 
in the treatment of fractures through local reconstruction with os-
teosynthesis can preserve mobile segments and reduce surgical 
trauma and the complications of a larger procedure, in addition to 
reducing treatment costs.

According to Busscher et al.,14 swine specimens come the 
closest to representing the human spine. The animals have similar 
biomechanical characteristics, which is important in the research 
of new implants and surgical procedures. The authors conducted 
studies and tests comparing load on segments of pig spine with 
segments from the spines of human cadaver. They also analyzed 
other literature that has proven the similarity between pig and human 
anatomy, especially in terms of joint size and orientation. They con-
cluded that the swine spine can be a good model for biomechanical 
studies of the human spine. This encouraged our group to use the 
model for trials of the new technique,25 this time considering fatigue 
in this experimental study (in a set of swine lumbar vertebrae), for 
ethical reasons and due to the difficulty of obtaining vertebrae from 
human cadavers. 

Although there is a proportionally higher incidence of fractures 
in T12 and L1 in human beings,4,5 we decided not to use the seg-
ment that contains these vertebrae. In this case, segments T12, 
L1 and L2 would be necessary, making the space for the handling 
and placement of the implants more difficult, given the size of the 
vertebrae. The vertebral bodies of the lower lumbar are larger, 
leading us to use this segment. In addition, the freezing of the 
anatomical pieces at -20ºC and subsequent thawing had no effect 
on the mechanical properties of the bones, intervertebral discs and 
ligaments, as demonstrated by Adams,15 and this method was then 
used in the present study.

The analysis of the use of synthesis under the study conditions 
revealed a significant effect of exposure to the magnitude of the 
load on the number of cycles tolerated up until failure. It has been 
shown that synthesis increases the resistance of the fractured ver-
tebra to levels equivalent to those of an intact vertebra depending 
on the stress level. As this was a study of non-human material, its 
applicability could be questioned. However, Thoreson et al.,26 also 
demonstrated that the swine spine is a well-established experimen-
tal model for lumbar pathologies. The spine, however, is subject 
to loads in several planes: horizontal, vertical and rotational, and 
the biomechanical rigidity is less in compression-flexion tests as 

Table 1. Mean number of cycles of maximum compression resisted by the 
specimens analyzed by the different methods. 

Group of 
Vertebrae

Mean Number of Cycles Supported
(± Standard-Deviation)

FL1
 
= 40%

(2.9 (kN)
FL = 60%
(4.3 (kN)

FL = 70%
(5.0 (kN)

FL = 80%
(5.7 kN)

Intact 81.8 (± 10.6)a 23.5 (± 9.9)a 15.6 (± 4.7)a 2.3 (± 0.4)a

With synthesis 42.1 (± 8.2)a 2.7 (± 0.1)a b 1.4 (± 0.3)b 0.2 (± 0.1)b

Without 
synthesis

2.0 (± 0.3)b 0.9 (± 0.4)b 0.3 (± 0.0)c 0.2 (± 0.0)b

1FL: Failure load. a b c Equal letters in the same column indicate values belonging to the same homoge-
neous group, in which no statistically significant difference between its components exists according 
to the Tukey test, with a confidence interval of 95%. 

DISCUSSION
This study presents an evaluation of the behavior of coronal 

split fractures through fatigue tests for a new treatment method 
that includes a minimally invasive procedure. The treatment of tho-
racolumbar fractures still remains controversial with different forms 
of approach.20 The classification proposed by Magerl et al.,6 was 
an important tool to guide the evaluation and conduct of thoraco-
lumbar fractures, stratifying them by trauma mechanism and osteo-
ligament injury. Fractures classified as type A present an important 
crossroads for choosing which approach to take, i.e., breaking of 
the middle spine or rupture of the posterior wall. In coronal split 
fractures classified as A2, we have integrity of the middle spine, but 
because they are atypical fractures with cleavage in the coronal axis 
of the vertebral body, some peculiarities can make the treatment 
a challenge in certain cases because of invagination of the disc 
content, when interposed between the two bone fragments, due to 
the migration of the anterior fragment evolving into pseudoarthrosis 
of the fracture site. Davies et al.,2 reported that coronal split fractures 
consolidate regardless of the type of treatment and pseudoarthrosis 
of the vertebral body is uncommon after conservative treatment. 
However, in fractures with significant diastasis at the focus a sat-
isfactory union may not occur. Gaines et al.,3 stated that in these 
cases consolidation will not occur without surgical treatment. The 
isolated posterior approach is recommended for thoracolumbar 
fractures by some authors,21 while other authors opt for an isolated 
anterior approach.22 We did not find a unanimous choice of the best 
therapeutic modality for treatment of A2 fractures in the literature, 
nor did we find a very expressive number of articles that address 
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compared to pure axial compression tests.27 In this study we pres-
ent an innovative way to perform fixation of coronal split fractures, 
supported by prior studies.24,25 The method can improve the rigidity 
of the system through restoration of the anterior spine, avoiding the 
removal of the fragments, the migration of the disc to the focus of 
the fracture and pseudoarthrosis. 

We recognize that this study has some limitations, such as the 
fact that we only performed tests with pure axial load and with a 
reduced number of specimens in an animal model. Although this 
study has shown that using synthesis was superior in maintaining 
stability of the fracture and in preventing displacement for a greater 
number of cycles, it would not be possible to determine from this 
study alone whether the isolated use of this form would be reliable 
in the treatment of coronal split fractures. However, our group has 
researched these topics extensively over the last 10 years. We re-
cently published other studies in this same journal that support the 
new technique, involving split type fractures and their biomechanical 
behavior,24 in addition to having introduced this minimally invasive 
treatment more recently25 in a study with other load conditions, dem-
onstrating the viability of the proposed technique. We know that the 

in vivo environment is partially reproduced in the in vitro environment. 
However, under in vivo conditions the vertebrae gain resistance as 
the consolidation occurs, approximating the biomechanical condi-
tions of intact vertebrae without running the risk of a distancing and 
subsequent pseudoarthrosis. The advantage of this technique is its 
being a minimally invasive method. New studies are underway to 
demonstrate the surgical technique and its in vivo behavior through 
new biomechanical analyses.

CONCLUSION
In this study we demonstrate the possibility of applying a mi-

nimally invasive technique for coronal split-type fractures through 
tests in swine model vertebrae. The synthesis material provides sa-
tisfactory fixation of the fracture line by means of focal compression, 
associated with the support of and resistance to cyclic axial loads. 

All authors declare no potential conflict of interest related to 
this article.
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