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ARTICLE INFO ABSTRACT: This paper presents an experimental evaluation of the structural integrity
Received June 12, 2015 of the lumbar section (L2-L3-L4) considering a damaged intervertebral disc. In this study,
Accepted December 1, 2015 porcine specimens were used due to the similarity of the mechanical properties of those of

the human spine. The lumbar section L2-L3-L4 was tested under compression. Five cases
were analyzed; in the first one, the lumbar section consisted of healthy intervertebral
discs. For the other four cases, the disc located between L2 and L3 was divided into four
quadrants: front, back, left and right. For each of these cases, a damage condition was
induced by making an incision from the annular fibers to the pulpous nucleus, covering

KEYWORDS each quadrant; the back elements (pedicles and facet joint) were removed and only the
Photoelastic analysis, stress vertebral bodies and discs were tested. As a damaged intervertebral disc is unable to
distribution, lumbar section, properly perform its mechanical function, the load transferred from L2 to L3 through the
damaged intervertebral disc discis no longer optimal. The actual stress field on L3, considering the damaged disc, was

obtained using reflective photoelasticity for each one of the previously mentioned study
cases. The results show that the induced damage in the intervertebral discs increases
the stresses on L3 considerably when compared to the case of an undamaged disc, being
the most critical when the damage is located in the back quadrant of the disc. In the other
three cases, the damaged disc does not reduce the structural integrity of the vertebral
body significantly. However, the inter-vertebrae space is reduced as a result of the damage,
thus compromising the structural integrity of the studied lumbar section.

Anélisis fotoelastico, campo de
esfuerzos, columna lumbar,
lesion de disco intervertebral

RESUMEN: Este articulo presenta un andlisis biomecanico de una seccion de columna
lumbar (L2-L3-L4) considerando que existe un dafo inducido en uno de los discos
intervertebrales. En este estudio, se utilizaron especimenes de columna lumbar de cerdo
debido a su gran similitud biomecanica con la del ser humano. Las secciones lumbares
fueron ensayadas bajo carga axial de compresion. Se analizaron cinco casos de estudio,
el primero de ellos fue la secciéon lumbar de columna con el disco intervertebral sano.
Para los casos restantes, se indujo una lesion en el disco intervertebral ubicado entre
L2 y L3 dividiéndolo en cuatro cuadrantes: anterior, posterior, derecho e izquierdo. Para
cada uno de estos casos, la lesion en el disco se indujo haciendo una incision con bisturi
desde el anillo fibroso hasta llegar al nlcleo pulposo abarcando todo el cuadrante. Los
elementos posteriores (pediculos y facetas articulares) fueron retirados manteniendo
asi solo los cuerpos vertebrales y los discos intervertebrales (unidad de cargal; lo que
simula una fusion vertebral. El campo de esfuerzos completo en L3, se observé utilizando
fotoelasticidad reflectiva. Los resultados muestran que la lesion del disco intervertebral
propicia un aumento en los esfuerzos observados en L3 a través del polariscopio, en
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comparacién con el caso de un disco sano, siendo el caso mas critico cuando el dafo
estd situado en el cuadrante posterior. En los otros tres casos (anterior, derecho e
izquierdo), la lesidn en el disco intervertebral no produce un aumento significativo del
campo de esfuerzos observado en L3; sin embargo, el espacio interdiscal se reduce
considerablemente, lo que compromete la integridad estructural de la columna lumbar.

1. Infroduction

A damaged intervertebral disc can be the result of trauma
where the adjacent vertebra suffers a fracture, or due to
a degenerative condition where the disc loses its capacity
to transfer load between vertebrae. Whichever case, it is
necessary to determine whether non-invasive conservative
treatment or surgery is required. If the course of action
is surgery, the surgical technique that should be followed
has to be chosen taking into consideration the amount of
damage suffered by the disc. In order to solve this issue,
a detailed biomechanical analysis of the vertebral section
is required. Although the current trend in the treatment of
some spine injuries is to avoid surgery due to the complexity
that these procedures involve, conservative treatments are
often recommended [1-4]. However, from a biomechanical
perspective, an important question arises: whether it is
convenient or not to keep an injured disc untreated, as it
has lost its mechanical capacity to maintain the structural
integrity of the system.

In general, an injury on a lumbar intervertebral disc is
closely related to lower back pain, which ranges from
moderate to severe, even disabling, depending on the
degree of the disc degeneration. Nowadays, approximately
80% of the world’s population suffers from lower back
pain (LBP) that requires medical treatment, constituting a
health problem in developed countries as workers are often
on sick leave due to LBP, representing important economic
loses [5-7].

The aim of this interdisciplinary work is to provide scientific
and relevant data to the medical community, guiding the
assessment of aninjuryinintervertebral discs of the lumbar
section. Thus, this paper focuses on the biomechanical
study on the effect of annular fiber injuries in intervertebral
discs as a result of trauma, evaluating the structural
integrity of the whole system.

2. Materials and methods

The tested specimens are fresh porcine vertebrae sections
of the lumbar region (L2-L3-L4). Young pigs were used with
an approximate weight of 80 kg. All specimens are fresh
(less than 24 hours after slaughter). The porcine vertebrae
were chosen not only because of the biological similarity
with the human spine; but, as established in [8], these
specimens can be used as test subjects to simulate the
human spine in certain mechanical tests.

The damage simulation in the intervertebral disc was
made by making a window shaped incision with a scalpel.
The disc was divided into four quadrants (back, front, right
and left side) were the damage condition was cut, as it

can by appreciated in Figure 1. These cases reproduce the
intervertebral disc injury and intervertebral fusion of those
patients who have suffered an injury in L3 due to trauma.
As this study focuses on the effect of the stress distribution,
due to the load transfer, and not on the functionality of the
lumbar section as a joint, the back vertebrae elements
(pedicles and facet joint) were eliminated, using only the
vertebral bodies and intervertebral discs. The depth of the
incisions is such that reproduces the total damage of the
intervertebral disc, as the fibrous ring is cut. The functional
unit considered in this study is that constituted by L2, L3
and the intervertebral disc between them (Figure 2(a)).

(a) Front

(c) Left
Figure 1 Damage simulation in intervertebral
discs by incision: a) Front, b) Back, c) Left,
d) Right

(d) Right

Surgically, this sort of injury can be treated using a “fixation
device” that transfers the load from L2 to L4 while the
fracture of L3 heals by consolidation (Figure 2(b]). For this
study, it was necessary to determine the loading unit to be
analyzed experimentally, e.g. the part of the lumbar section
that is covered with photoelastic material (Figure 2(c]).
Figure 3 shows the preparation of the test specimen for the
undamaged intervertebral disc case.

The difference between the functional unit and the loading
unit is its lack of mobility. Its role is limited to be subjected
to compression load only, as it happens in spinal fusion. This
situation takes place when an internal spinal fixer is used;
as a result, the mobility of the study section is restricted.

The in-vitro analysis results reported in [9], where the
spine bends when it is loaded with two or three times the
body weight, and considering that the average weight of a
Mexican individual is 80 kg; the axial compression loads
applied to each specimenwere 1471.5N, 1962N and 2452.5N
(150, 200 and 250Kgf respectively). The latest represent the
most critical event that can take place where the external
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damaged
disc

(a) Functional unit

(b) Surgically treated injury

Fixation device

(¢) loading unit

Figure 2 Analysis considerations: a) Functional unit, b) Surgically treated injury, c) loading unit

(a) Test specimen

(b) Loading unit cover with (c) Finished loading unit covered
photoelastic material

with reflective material

Figure 3 Test specimen preparation: a) Test specimen, b) Loading unit cover with photoelastic
material, c) Finished loading unit covered with reflective material

load exceeds the critical load of the spine and fails. The
biomechanical tests were conducted on a universal test
machine MTS 858 with a capacity of 5 tons.

In order to ensure that the loads were fully applied along the
axial direction, it was necessary to design an appropriate
set of jaws to properly apply the compressive load to the
spinal section, as shown in Figure 4.

Figure 4 Designed jaws for the fixation and test
of the lumbar specimen

The mechanical behavior of the vertebral body L3 was
analyzed using a reflective polariscope (Figure 5], as the
reflective photoelestacity technique has proven to be
reliable for the analysis of the complete stress field. The
lacquer used in this case was PL1 with a PLH1 catalyzer.
The reflecting adhesive used was PC1. The thickness of
the coating lacquer was 1.5x10-3m. It was obtained from
0.15x0.10m plates which were previously prepared.
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3. Results

Once the load was applied to the test specimen, the
isochromatic pattern shows whether or not the disc
damage caused some stress concentration. In addition to
the mechanical tests, a load-displacement diagram was
obtained. With this information, the stiffness change, due
to the damage introduced in the disc, was assessed. This
showed the reduction in the load carrying capacity of the
damaged specimens when a comparison is made with
the healthy case. The loading rate was set at 2x10-3m per
minute.

After the loads were applied, the isochromatic patterns
were photographed for each of the studied cases. Figure 6
shows the isochromatic patterns as seen with the reflective
polariscope in order to determine the stress magnitude
on L3 for each of the before mentioned cases under a
compression load of 1471.5N.

(a) Intact

(d) Right damage

Figure 6 Isochromatic patterns representing the
stress field for the study cases: a) Healthy, b)
Front damage, c) Back Damage, d) Right Damage

(c) Back damage

The intact case is taken as reference to establish in what
order the stress magnitude increased during the tests for
the damaged cases. It can be seen that, for the intact case
the stress magnitude through the whole vertebrais very low
(gray isochromatic shade). This is a clear indicator that the
intervertebral disc is properly working as a load dissipater.
The blue isochromatic shade in this case is present due
to a structural irregularity in the test specimen, which
does not represent a risk on the structural stability of the
functional unit.

For the front and back damages, the isochromatic pattern
indicates an increment on the stresses on L3 (orange
isochromatic shade). Using an electronic compensator
with the reflective polariscope to avoid human error on
the interpretation of the isochromatic shades, it can be
established that the stress magnitude is higher for the back
damage case compared with the front damage case.

Finally, also from Figure 6, the right damage case which is
analogoustothe left damage case, presents anisochromatic

pattern that reflects an intermediate magnitude stress field
(pale yellow isochromatic shade).

It is important to point out that the zone of interest in
this study is the central zone of the functional unit, as
from the structural point of view, is the region where
the load is transferred and the stresses are distributed.
It can be appreciated that, for all cases, the stress
distribution is homogeneous (Figure 6); implying that even
with a damaged disc the load transmission is uniform.
However, the magnitudes of these stresses are different.
Quantitatively, the magnitudes of the stresses for each
case are compared in Figure 7. The numeric value derived
from the isochromatic patterns of the stress fields were
processed using the PC-CALC code in conjunction with the
reflective polariscope; model LF/Z-2.
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Figure 7 Average stress values on L3 for the test
cases under the established compression loads

Itcanbe seenthatthe stressvalues forthe lateraland frontal
damage do not vary significantly between one to another.
Conversely, for the case where the damage is located in the
back quadrant, a clear increment on the stress values can
be appreciated for the three loading conditions.

Additionally, in order to determine the stress value due
to compression loads for the functional unit, an axial
compression test with a controlled displacement of 4x10-3m
applied at a 2x10-3m/min rate was performed. The 4mm
limitis established taking into account that this is the height
of porcine intervertebral discs, simulating the condition
medically known as spinal fusion that takes place when the
disc collapses. This test allowed the characterization of the
biomechanical behavior of a loading unit. Figure 8 shows
the load-displacement curves for the different test cases;
itis clear that when the intervertebral disc does no present
any damage (solid line) the loading unit is able to bear a
load of 1964.27N to achieve a 4mm displacement. For the
case where the damage is in the front quadrant (dashed
line), the capacity to bear load of the loading unit reflects a
reduction of approximately a 9% at 1785.71N with respect to
the intact case, whereas for the loading unit with a lateral
damage (dot-dashed line) this reduction is approximately
a 20% with a load of 1642.85N. Finally, for the case that
simulates a damage in the back quadrant, an important
reduction is observed compared to the intact case; the total
load where the system simulates an equivalent condition to
the spinal fusion is approximately 43% less than the intact
case with 1125N.
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Figure 8 Load-displacement curves simulating
spinal fusion for the test cases

The displacement caused by the injury in the intervertebral
discs was measured with a Vernier Calibrator, and presents
a fluctuation of 0.30x10-3 to 1.0x10-3m, which represents
up to 30% of the normal height of pork intervertebral discs
(3x10-3m). These values are consistent with the results
reported in [10]. They found a maximum displacement of
1.05x10-3 m. in an ovine intervertebral disc under loading
conditions similar to those in this work.

4. Discussions

The mechanical characterization of the spine has been the
subject of several studies. In recent years, the mechanical
characterization of intervertebral discs has been widely
reported. However, the available data vary considerably
due to different animal specimens tested in each study
as well as the diverse mechanical testing conditions that
were followed such as those reported in [11-14]. Moreover,
it is not common to find data related with the mechanical
behavior of intervertebral discs under axial compression
loading which simulates the upright position of the human
being. In general terms, all these cases are analyzed from
a medical perspective. Thus, in order to propose a design
of appropriate engineered solutions of biomechanical
components, that are expected to be used as a replacement
or reinforcement of any part of the human body, it is
necessary to produce and provide more consistent data
on the characterization of the biomechanics of particular
cases where the analyzed system fails.

The tests conducted in this work show that stresses in the
middle region of the vertebral body L3 increases moderately
when the intervertebral disc presents damage in any of its
quadrants (Figure é). The calculated stress range goes
from 2.1 MPa, in the case of the healthy specimen under a
compression load of 1471.5N, up to 4.0. MPa for the case of
the intervertebral discs with damage in the back quadrant,
with a 2452.5 N compression load. In all cases, the stress
values are below the 4.6MPa fracture conditions of the bone
under compression loading, as reported by [15]. Therefore,
there is no risk that an injury of the intervertebral discs can
fracture the adjacent vertebral body. However, attention
must be paid when the damage is in the back quadrant, as
it proves to be the most critical at 4.0 MPa, not far from
failure conditions.

The reduction in the height of the damaged intervertebral
discs can be up to 1x10-3 m. This may be a risk factorif it is

considered that the average value at the height of the pork
intervertebral discs is around 3x10-3m. It represents a loss
of height of about 30%. In fact, this phenomenon causes
that functional units physically located above the injured
intervertebral disc collapse, causing all the elements
involved (tendons, facets, discs, muscles, etc.) to react in
order to compensate for the displacement, generating
strain conditions that result in what is commonly known
as back pain. Another factor inherent to this situation is
the spine misalignment produced by the inclination of the
functional units towards the quadrant where there the
damage is located.

It can be established that the magnitude of the necessary
load to cause structural instability in a healthy spine, is
quantitatively different to that required to cause the same
damage in the spine with an injured disc. In fact, the results
obtained in this work opposes those reported in [16], as
their results suggest that a unit with a damaged disc
supports twice the axial load of a healthy disc; justifying
this behavior, due to disruption in the stress distribution
resulting from the damage in the intervertebral discs.
But, as demonstrated using the photoelestacity technique
and the data analysis, there is an important stress
concentration when the studied specimen is axially loaded
under compression for the specimens with an injury,
proving that damaged units loose structural integrity, thus
diminishing their mechanical capacity to bear compressive
loads. This reduction is approximately 43% (Figure 8], which
corresponds to the case in which damage is located in the
back quadrant of the intervertebral disc.

The obtained data indicates that the structural stability of
the analyzed segment is reduced. From the biomechanical
perspective, due to the damage in the intervertebral disc, it
is no longer able to perform its function as a load dissipater.
Consequently, the adjacent vertebral bodies are subjected
toincreased loading conditions. This resultsinanincrement
of the peak stresses. Some authors suggest that the core
of the disc is highly stressed, while others have reported
that high levels of stresses are located in the annular fibers
[17-19].

5. Conclusions

The results reported in this paper indicate that the damage
in intervertebral discs do not represent an immediate risk
factor. Therefore, failure in the adjacent vertebral bodies
is not expected. In other words, the damage of the disc
does not generate high stresses in the central zone of L3.
This situation takes place in most of the analyzed cases in
this work. Nonetheless, when the damage is in the back
quadrant, the stresses in L3 are close to failure conditions.
This situation has to be considered when the health
conditions of a patient are assessed.

Moreover, the resulting vertebrae space reduction due
to injured disc is also significant, as the injury induces a
full collapse in all functional units above it. This may be a
risk factor for other spine conditions that might present
further complications in the patient’'s health. Therefore, it
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is necessary to evaluate other areas on which overloading
takes place as a direct result of this condition.

The aim of the results presented in this paper is to provide
orthopedists with additional information to decide the
best course of treatment, whether it implies the possible
removal of damaged intervertebral discs, instead of
recommending only dry off of the extruded portion of the
pulpous nucleus and maintaining the rest of the disc, which
is a regular practice in surgical procedures as depicted in
[5]. Derived from the results of this paper, the immediate
recommendationwould be the use of a prostheticimplement
or bone graft in the inter-vertebrae space; nonetheless,
that decision has to be taken considering the particular
conditions of the patient. Nowadays, prosthetic disc spacers
or bone grafts and space boxes are used to perform the
biomechanical function of damaged intervertebral discs,
however, its benefits in human cases are still being
evaluated [20-25]. As a matter of fact, the problem becomes
increasingly more complex, as the mechanical response of
the biomechanical system is completely different to that of
the natural uninjured system; the introduction of materials
with entirely different mechanical characteristics to those
of the human bone, such as titanium, steel and polymers;
imply that the stiffness of the system is increased and must
be compensated, as lower back pain may be induced.
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