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Abstract

Surgical correction with corpectomy and subsequent fusion of neighboring levels is a commonly practiced treatment for thoracolumbar burst fractures. Different
fixation constructs are currently implemented to fuse the injured level. However, little is known about the implications of such constructs on the biomechanics of the
adjacent spine segments. The objective of this study is to compare the biomechanical alterations at the adjacent segments due to implanted construct.

A 3D nonlinear finite element model of the thoracolumbar spine (from T'12 to S1) was used for assessing changes in the biomechanics of the adjacent spine segments.
First, the vertebral body and the adjacent discs of the operated level (I.1) were completely excised leaving only the posterior elements. Next, four constructs were
implanted at the thoracolumbar junction (T12-L2): (1) 2RPC which includes two posterior rods, six pedicle screws, an expandable cage, and a transverse plate;
(2) 1RPC which includes the same instrumentation of 2RPC with the exclusion of the posterior rod contralateral to the transverse plate; (3) 2RC which includes
posterior rods, pedicle screws, and an expandable cage; (4) PC which includes the expandable cage and the transverse plate. Models were validated by comparing their
predicted range of motion (ROM) to in vitro biomechanical tests. Subsequently, the stresses generated at all the adjacent levels (L2-1.3, L3-L4, L4-L5, and L5-S1)

were measured and compared.

The results showed that the constructs including pedicle screws (2RPC, 1RPC, 2RC) yielded similar biomechanical performance being the stiffest. Moreover,
the same constructs demonstrated comparable stress levels at the adjacent segments, generating 50% higher than that produced from the PC construct. Elevated
mechanical stress is believed to be a cause of disc degeneration. Accordingly, the PC construct, although less reliable in stabilizing the injured segment, represented

the most conservative approach for preventing potential development of adjacent disc degeneration.

Introduction

The majority of traumatic spinal fractures are found at the
thoracolumbar region and nearly 10-20% of these injuries are
burst fracture (BF) [1,2]. Surgical correction with corpectomy and
subsequent fusion of neighboring levels is a commonly practiced
treatment for BF injury [3]. The goal of the surgery is to correct sagittal
deformity, stabilize the spine column, decompress neural elements,
and restore vertebral body height [4-7]. The optimal surgical approach
for treatment of BF is controversial [8,9]. It can be performed through
anterior, posterior, or combined anterior-posterior approach [7,10,11].
Short-segment posterior fixation, by solely fusing the immediate
superior and inferior levels of the injured level, is preferred by many
surgeons to preserve natural spine mobility and to reduce surgical
insult [12,13]. Such procedure can be attained through various types
of constructs which may employ pedicle screws, posterior rods,
expandable cages, and transverse plate [14-17]. In particular, pedicle
screws together with the posterior rods had become the gold standard
in fixing spine levels due to its high ability in retaining bony purchase
until the fusion mass stabilizes [18]. Also, expandable cage is considered
among the best implants that maintain anterior column reconstruction
[17]. Moreover, lateral fixation by transverse plate has been proposed
in anterolateral approach to avoid second posterior surgery [16]. Each
of these implants has different mechanical properties and provides
dissimilar stiffness to the fixed junction. Accordingly, the postoperative
mechanical behavior of the spine is supposed to vary based on the
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adopted construct.

Many studies reported that the excessive stiffness, produced from
fixing spinal levels, causes greater motion on the adjacent intervertebral
disc (IVD) to compensate the range of motion lost by fusion [19-
21]. Such alterations may potentially lead to adjacent segment disc
degeneration (ASDD) [22]. The ASDD is a pathological condition
associated to chronic low back pain, a disease of epidemic proportions
[20-22]. To date, no study investigated the implications of short-
segment fixation procedures used in treatment of BF on the health of
the adjacent segments. Accordingly, the objective of this study was to
quantify the biomechanical alterations at the adjacent lumbar spine
segments after implanting different short-segment fixation constructs
aimed at treatment of thoracolumbar BF. Since the higher is the stress
on the adjacent discs the higher is the risk of disc degeneration [23],
this study specifically quantified the changes of stress at adjacent
segment after adding pedicle screws and transverse plate to the fixation
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construct. This was attained by developing finite element (FE) models
of the thoracolumbar spine that described four different fixation
constructs.

Methods

First, four 3D nonlinear FE models from T12 to L2, representing
different fixation constructs, were developed. Next, the models were
validated by comparing their prediction of ROM with experimental
data [23]. Then, each construct was integrated with a lumbar spine
to constitute a thoracolumbar spine model (from T12 to S1) that was
tested by simulating flexion-extension moment. Finally, the generated
stresses at the adjacent IVDs were computed and compared among
the four constructs. Non-commercial software FEBio (FEBio 2.2.0,
Musculoskeletal Research Laboratory, University of Utah, Salt Lake
City, UT) was employed to solve the FE models [24,25].

Computational model of the constructs: Four FE models of the
thoracolumbar junction were developed from a CT scan of a healthy
male subject via commercially available image processing software
(Mimics Research 17.0x64; Materialise, Louvain, Belgium). The models
were used to describe the mechanical behavior of four different fixation
constructs used for treatment of BF. Before implanting the constructs, a
complete corpectomy at L1 level was performed by subtracting both the
L1 vertebral body and the adjacent IVDs. In all investigated constructs,
an expandable cage was placed between T12 and L2 to restore the
height of the anterior column. The instrumentation combination of
the investigated constructs were as follows: (1) 2RPC which includes
two titanium posterior rods of 5.5 mm diameter , six pedicle screws
of 6 mm diameter, an expandable cage, and a transverse plate laterally
fixed (Figure 1la); (2) 1RPC which includes the same instrumentation
of 2RPC with the exclusion of the posterior rod contralateral to
the transverse plate (Figure 1b); (3) 2RC which includes posterior
rods, pedicle screws, and expandable cage (Figure 1c); (4) PC which
includes the expandable cage and the transverse plate (Figure 1d).
The instrumentation utilized in the constructs was assumed to have
material property of titanium with an elastic modulus of 110 GPa and
Poisson’s ratio of 0.3 [26]. Sliding interfaces were defined between the
expandable cage and the surfaces of the vertebral bodies of T12 and

(2)

Figure 1. Thoracolumbar spine FE model with different fixation constructs. (a) 2RPC
construct; (b) 1RPC construct; (¢) PC construct; (d) 2RC construct; (¢) constructs integrated
with the intact lumbar spine. Each construct will replace the intact spine levels (T12-L2) to
generate the studied FE models.
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L2, with friction coefficient of 0.8 to prevent the cage from slipping
[27]. The pedicle screws were placed posteriorly and connected with
posterior rods by a tied contact. The transverse plate was connected
via four lateral screws to T12 and L2 vertebral bodies, and a sliding
contact with 0.1 friction coefficients was assumed between the plate
and the vertebral body [28]. The four construct models were validated
by comparing their predictions of ROM during flexion-extension with
an in vitro experimental data [23].

Computational model of the thoracolumbar spine: After
validating the models of the four T12-L2 constructs, four vertebrae
(from L3 to S1) with its associated intervertebral discs (IVDs), facet
joints, and major ligaments were added to each model (Figure 1e). The
geometry of the vertebral bodies, comprising cortical and cancellous
bone, was reconstructed from the CT scan of the same healthy spine.
The IVDs were defined as two distinct anatomic regions: the annulus
fibrosis (AF) and nucleus pulposus (NP). Both regions were assumed
as a biphasic material constituted of a solid phase embedded in a
fluid phase [29]. In particular, the solid phase of AF was modeled as
a hyperelastic material reinforced with fibers: the ground substance of
AF was as a Mooney-Rivlin material [30], while the collagen fibers were
assumed as tension-only elements [31] and arranged in four concentric
layers enfolding the NP with alternating +30° orientation [32]. The
solid phase of NP was modeled as isotropic elastic material [33].
Water volumetric fractions and hydraulic permeability for both AF
and NP were those reported in the literature [34,35]. A cartilage layer
of 0.5 mm was built on the surface of the facet joints and its material
properties was assumed to be isotropic linear elastic. A gap of 0.4 mm
was specified between cartilage layers with a sliding interface between
the superior and inferior cartilage [36]. All seven spinal ligaments,
including supraspinous ligament, interspinous ligament, transverse
ligament, capsular ligament, flavum ligament, posterior longitudinal
ligament, and anterior longitudinal ligament were modeled as linear
elastic tension-only spring elements [37]. The material properties for
all model constituents were taken from the literature, and are reported
in Table 1. Four-node solid elements were used for discretizing the
cortical and cancellous bones, the IVDs, and the facet joints. On
average, each vertebra, IVD, and facet joint consisted of 65,000, 3500,
and 1000 elements, respectively.

Loading and boundary conditions: Testing conditions were
similar to those reported in [23]. Specifically, the four FE models
obtained by integrating the four different constructs with the lumbar

Table 1. Material properties of the different tissues used in the finite element model.

Material Property Value References
Cortical bone Moduli in MPa E=12,000
Poisson’s ratio v=0.3
Cancellous bone 'Moduli in MPa E=100 [46]
Poisson’s ratio v=0.2

Annulus fibrosus | Ground sub. Mooney-Rivlincoeff. | ¢1=0.18; c2=0.045

Stress—strain curve

[

Collagen fibers (tension-only) [
0.00021 mm*N-'*1 [35]

[

Hydraulic permeability

Volumetric fluid fraction 0.75 34]
Nucleus pulposus | Ground sub. isotropic elastic moduli E=0.2 MPa

Ground sub.poisson’s ratio v=0.499 (33]

Hydraulic permeability 0.00067 mm*N-'s™! [47]

Volumetric fluid fraction 0.86 [34]
Cartilage Moduli in MPa E=35

Poisson’s ratio v=0.4 (36]
Ligaments Stiffness (tension-only) Linear elastic [37]
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spine were subjected to pure flexion-extension moment of 5 Nm with a
frequency of 0.25 Hz. The models were constrained by fixing the S1 in
all directions. The flexibility testing method was adopted as a protocol
for loading the spine. Such approach guarantees that the pure moment
is equally applied to all the segments as the spine deforms [38]. The
post-operative alterations of von-misses stress at all adjacent segments
(i.e, L2-L3, L3-L4, L4-L5, and L5-S1) was calculated and compared.

Results

For all investigated constructs, the predicted ROM during flexion-
extension was in agreement with the in vitro experimental data (Figure
2). The smallest range of motion corresponded to the 2RPC construct,
while the largest ones were found in the PC constructs.

On the adjacent spine levels, all the constructs that comprised
pedicle screws (i.e. 2RPC, 1RPC, 2RC) produced comparable ROM,
which was always higher than that produced from the PC construct.
Specifically, during flexion, the maximum ROM was found at L4-L5
level (~1.4°), while, during extension, the maximum ROM was observed
at L3-L4 and L4-L5 levels reaching up to 2° (Figure 3). Consistently, the
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Figure 2. FE constructs models’ prediction of ROM compared to experimental data during
flexion-extension (bars represent +/- G).
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Figure 3. ROM in degrees at the adjacent IVDS for all investigated constructs: (a) during
flexion; (b) during extension.
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same constructs that comprised pedicle screws generated analogous
magnitude of stresses which was also higher than that produced form
the PC construct. In particular, in flexion, the highest stresses in AF
and NP were found at L5-S1 level reaching up to 5 MPa and 0.37 MPa,
respectively (Figure 4). Similarly, during extension, the maximum
stresses in AF and NP were found at L5-S1 level reaching up to 4 MPa
and 0.56 MPa respectively (Figure 5). The only exception was at L2-L3
level during flexion, where the stresses produced by 2RC in AF was
30% less than that attained with 1RPC or 2RPC. Stress levels produced
by the PC construct in all the investigated cases were approximately
50% smaller than those corresponding to the other constructs.

Discussion

Spinal fixation is believed to be a possible cause for degeneration
of the adjacent segments [39,40]. In a recent long follow-up study
(~13 years), Mannion and co-workers found that spinal fusion is
associated with signs of disc degeneration at the adjacent segments
[41]. Moreover, biomechanical experiments showed that the mobility
and stresses experienced by a spinal segment increased when the
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Figure 4. Von-Misses stress at the adjacent IVDs during flexion for all investigated
constructs: (a) NP; (b) AF.
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Figure 5. Von-Misses stress at the adjacent IVDs during extension for all investigated
constructs: (a) NP; (b) AF.

Volume 1(1): 3-5



Elmasry S (2016) Implications of spine fixation on the adjacent lumbar levels for surgical treatment of thoracolumbar burst fractures: a finite element analysis

neighboring segments were fused [20,21]. Hence, monitoring the
stresses generated at the adjacent segment due to implanted construct
provides an indication on the potential risks of degeneration at the
adjacent IVD.

In this study, four different constructs that are commonly used
in short-segment fixation for treatment of BF were compared to
investigate their implication on the biomechanics of the adjacent
lumbar segments. This was done by developing four thoracolumbar
FE models, each of them comprising an expandable cage and
different combination of pedicle screws and transvers plate. A flexion-
extension moment was simulated and the generated stresses at all
adjacent segments were computed. The results showed that the three
constructs that comprised posterior pedicle screws (2RPC, 1RPC, and
2RC) vyielded similar rigidity and were the stiffest. Specifically, the
2RPC construct produced the lowest ROM (0.73 mm), while the PC
construct produced the highest (1.2 mm) (Figure 2). Moreover, the
stress levels on the adjacent lumbar segments varied according to the
adopted construct. In particular, for 2RPC, 1RPC, and 2RC constructs,
stresses at all adjacent levels were approximately 50% higher than that
produced by the PC construct (Figures 4 and 5). It has been suggested
that mechanical loads and stresses alter the structure, material, and
failure properties of the disc, eventually leading to IVD degeneration
[42]. Also, the higher stiffness induced by constructs that comprised
pedicle screws might be attributed to the major role that pedicle screws
are playing in constraining the fused junction during flexion-extension
loading conditions [18].

Some limitations in this study must be noted. The thoracolumbar
spine was reconstructed from a CT scan of only one subject. The
geometry of the vertebral body may influence the mechanical behavior
of the spine [43]. Hence, in the future, it will be important to extend
the analysis by including CT scans of several subjects to broaden
the validity of the results of this study. Also, muscle forces were not
included in the models. Spinal muscles contribute to the stability of
the spine [44]. However, all the constructs investigated underwent the
same testing protocol. Thus, minor relative changes should be expected
in the biomechanical performance of the four constructs. Moreover,
only flexion and extension loading conditions were simulated. This was
due to the lack of experimental data for the other loading conditions
that is required for model validation. In the future, other loading
conditions will be considered to broaden the conclusion of this study.
Finally, the flexibility test method was used instead of the hybrid
test method, which is considered the most appropriate protocol for
investigating the adjacent segments due to fusion [45]. However, in this
analysis, the objective was to compare the implications produced from
each construct not to quantify how much it will change from the intact
spine. Also, no data are available in the literature for the total ROM for
the thoracolumbar spine (T12-S1) when pure moment is applied, as is
required for conducting the hybrid protocol.

Conclusion

In conclusion, this study provides new insights on the implications
of choice of fixation construct for treatment of thoracolumbar BF on
the biomechanics of the adjacent lumbar segments. The results suggest
that the PC construct, although less stable in fixing the injured segment,
yields the least amount of stress on lumbar adjacent segments. Since
high mechanical stresses are believed to be a potential cause of disc
degeneration, the PC construct represents the most conservative
approach for preventing the development of ASDD.
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