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Analysis of stress application at the thoracolumbar
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on the spinal cord and cauda equina
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Abstract. The thoracolumbar junction comprises the spinal
cord, nerve roots and the cauda equina, exhibiting unique
anatomical features that may give rise to a diverse array of
symptoms under conditions of injury, thus complicating the
diagnosis of compressive disorders. The present study aimed
to examine varying degrees and forms of compression at
this level of the spinal cord using a two-dimensional model
to calculate the relationship of these variables to injury. The
degree of compression was expressed as a percentage of the
spinal canal that was occupied. Results were compared with
findings from clinical observations to assess the validity of
the model. Analysis revealed that higher levels of compres-
sion/spinal canal occupation are associated with the presence
of neurological symptoms. This finding was consistent with
clinical data. Results of the present analysis warrant further
research involving evaluation of compression with respect to
other parameters, such as blood flow, as well as more anatomi-
cally accurate three-dimensional analysis.

Introduction

The thoracolumbar junction is an area of transition between
the posterior curvature of the thoracic spine and the anterior
curvature of the lumbar spine that is susceptible to compres-
sion fracture with non-union. As this area comprises the spinal
cord, nerve roots and the cauda equina, and because of the
anatomical feature wherein myelomeres in this region do not
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align at the level of their corresponding vertebral bodies, diverse
symptoms may appear when this region is compromised (1,2).
Many diseases other than trauma cause injury to the spinal
cord, including disc herniation, ligament ossification and spinal
cord tumor. The annual incidence of traumatic spinal cord
injury is estimated to be 13-53 per 1 million individuals (3-6).
Independent of the cause, diagnosis is difficult. In the case
of delayed spinal cord paralysis caused by a pseudoarthrosis,
forward decompression spinal column reconstruction, posterior
fusion surgery and vertebroplasty are used as treatment (7-9).

The mechanisms underlying compressive disorders of
the spinal cord using the finite element method (FEM) have
previously been examined (10-13). However, no analysis
of stress application at the level of the medullary cone has
been reported. The present study was undertaken to create
a model of the spinal cord and cauda equina at the T12/L1
level (a level particularly susceptible to injury) in order to
analyse stress at this level and more thoroughly examine its
pathophysiology.

Materials and methods

Construction of setting condition of FEM model. Using
4-node elements with reduced integration in ABAQUS soft-
ware version 6.9-3 (ABAQUS, Inc., Providence, RI, USA),
a two-dimensional model including the white matter, gray
matter and pia mater of the spinal cord and cauda equina was
created from the T12/L1 cross-sectional computed tomog-
raphy (CT) images of a pig. The dorsal and ventral roots of
L1-5 were distributed surrounding the spinal cord at the level
of T12/L1 (1,2). To simulate the spinal nerve branches of the
cauda equina and the cauda equina itself, a vertical membrane
was set surrounding the nerve fibers within the cauda equina.
The anteroposterior dimension of the medullary cone was set
at 7.7 mm, while the diameter of the nerve fibers of the cauda
equina was set at 0.3 mm. There were 20,131 nodal points
and 14,339 elements in total (Fig. 1A).

Bone pieces were assumed to be rigid bodies and were
placed in front of the FEM model of the medullary cone and
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cauda equina. The spinal canal was plotted using the CT images
and the rigid bodies were arranged around it. The anteropos-
terior dimension of the spinal canal was set at 14.3 mm based
on analysis of the CT images. The spinal canal was immobi-
lized completely. The bone pieces were initially placed at the
position of contact with the anterior aspect of the spinal canal
(Fig. 1B). The material constants for gray and white matter
were derived from a study published by Ichihara et al (14),
while that for the cauda equina was established using our own
previously published data (15,16).

Immobilization of the cauda equina. The nerve roots of the
cauda equina bifurcate from the spinal cord, each leading into
an intervertebral foramen. For this reason, a virtual model of
the cauda equina identical in shape to the cauda equina at its
initial position was created. The initial position was set with
reference to CT myelography and previous studies (1-2). The
components of the cauda equina were connected with spring
elements to restrict dislocation.

The spring constant for each component of the cauda
equina was determined using the beam deflection theory (17).
Cauda equina fibers from levels L1-5 are present at the T12/L1
level, with the L1 cauda equina branching from the spinal
cord at the T10 level and passing through the L1/L2 inter-
vertebral foramen (1-2). The distance between intervertebral
foramina was assumed to be constant (expressed as a) in the
range between T10 and S1. Here, if the length (L) of the cauda
equina at the level of L1 is assumed to be equal to the distance
between the T10 and the L1/L2 intervertebral foramen, there
exists a relationship defined by L=3.5a. If it is assumed that
the cauda equina branches at an interval of 0.5a, its L at the
levels L2 to L5 may be calculated. Vertebral body weight was
set at a=30 mm using the CT images for reference. When
external force was applied vertically to the major axis of the
cauda equina at the T12/L1 level, nerve roots were relatively
free in three dimensions. This allows the assumption that it is
a simply supported beam, instead of a nerve root, supporting
the organization between cauda equine and intervertebral
foramen (Fig. 2).

Regarding the contact of the springs with the cauda equina,
two spring elements were set for each point to suppress rota-
tion of the cauda equina. Deflection of the simply supported
beam was determined according to the following formula:
6=WL,*(L-L,)*/3LEI (1), where external force is represented
by ‘W’, deflection by ‘@’ and cross-sectional secondary move-
ment by ‘I’. According to Hooke's law (18), the relationship
between W and 0 is defined as follows: W=K& (2), in which
‘K’ is the spring constant. Therefore, K may then be defined
as: K=3LEI/L,*(L-L,)* (3). If the cauda equina is assumed to
be cylindrical, its T is expressed as follows: I=(7t/4)r* (4), where
radius of the cauda equina is represented by ‘r’. Table I demon-
strates the results of this calculation for each spring constant.

Definition of the degree of spinal cord/nerve root injury. In the
present analysis, equivalent stress (o,,) was divided by injury
stress (g,) to yield the degree of injury (o,,/0,). Injury develops
if the degree of injury exceeds 1 (19). In a study that performed
tensile testing with respect to axons, Galbraith er al (20) reported
that white matter axotomy caused ~0.28 deflection (20).
Using data from the study by Galbraith et al (20), the present
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Table I. Spring constants for L1-5 of the cauda equina.

Cauda equina K,N/m
L1 0.0045
L2 0.0028
L3 0.0049
L4 0.0123
L5 0.0465

K, spring constant; N, newton; m, mass.

investigation set the injury stress at 0.015 MPa, equivalent to
the stress experienced during a 0.28 deflection of white matter.
As gray matter is destroyed by a deflection of ~0.48 (14), the
injury stress was set at 0.043 MPa. As injury of the structure
is not related to symptoms, the injury stress for pia mater was
set at 3 MPa. In an experiment involving compression of a pig
cauda equina, Pedowitz et al (21) reported that transmission of
electrical signals along nerves was discontinued at 200 mmHg
of compression (Fig. 3).

Simulation of compression. Compression analysis was
conducted after setting the form of the anterior bone pieces as
circles of 180, 160, and 140 degrees with radii of 15 mm (Fig. 4).
The degree of compression was expressed as a percentage
of spinal canal occupation (the amount of compressed bone
within the spinal canal divided by the sagittal diameter of the
spinal canal). A study by Mohanty et al (22) reported that the
percentage of spinal canal occupation was proportional to
the risk of spinal cord injury. Fig. 5 schematically represents
the medullary cone and cauda equina during compression.
Mohanty et al (22) additionally investigated the percentage of
spinal canal occupied in patients with burst fractures between
2000 and 2005, reporting that the mean percentage was 50%
in cases where neurological symptoms were present and 36%
in cases free of neurological symptoms (22). Therefore, in the
present study, compression was applied to an extent resulting
in 40, 50 or 60% spinal canal occupation.

In addition, the bone pieces assumed to be rigid bodies
were subjected to asymmetrical compression (anterolateral
compression), and analysis was conducted at inclination angles
of a=0, 10, 15 and 20° (Fig. 6A). As the actual compression
level varies depending on the angle of compression during
evaluation of the sagittal section (i.e., determination of the
percentage of spinal canal occupied), the percentage occupied
by bone pieces (area occupied by bone pieces/pre-compression
spinal canal area) was used to determine the level of compres-
sion (Fig. 6B) (23). In the present analysis, compression was
applied at ratio=40, 50, 60 and 70%. Analysis was conducted
under the seven previously mentioned compression settings.

Results

Stress induced by symmetrical compression.Fig. 7 demonstrates
the relationship between the degree of each cauda equina injury
and changes in the distribution of injury following an increase
in symmetrical anterior compression. In cases of symmetrical
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Figure 1. Finite element method model of the medullary cone, cauda equine and spinal canal. (A) The dorsal and ventral roots of L1-5 were distributed around
the spinal cord. (B) The anteroposterior dimension of the spinal canal was set at 14.3 mm based on analysis of computed tomography images.
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Figure 2. Model of the cauda equina. Pattern diagram of the distance between
cauda equine and intervertebral for each foramens. a, the distance between
intervertebral foramina assumed to be constant, in the range between T10
and S1. It is assumed that the cauda equina branches at an interval of ‘1/2a’.

anterior compression, the stress within the spinal cord increased
with increasing compression. At 40% compression, stress levels
were slightly elevated for each form of compression. When the
percentage of spinal canal occupied was 50%, the site within
the spinal cord demonstrating elevated levels of stress varied
depending on the form of compression, with injury of the
spinal cord and cauda equina beginning to appear in the 180°
model. When the percentage of spinal canal occupied was 60%,
injury within the spinal canal and cauda equina was observed
following each form of compression (160°, 140° and circular).
Stress within the spinal cord was highest in the 180° model
(Fig. 7). Fig. 8 demonstrates the percentage of spinal canal
occupied following injury of the spinal cord and the L5 ventral

root during each form of compression. Injury developed in the
spinal cord following compression with 43-51% spinal canal
occupation and in the L5 ventral root following compression
with 52-63% spinal canal occupation.

Stress induced by asymmetrical compression. Fig. 9 demon-
strates the relationship between the degree of each cauda equina
injury and changes in the distribution of injury following an
increase in asymmetrical compression. In cases of asym-
metrical compression, levels of elevated stress at the center of
the spinal cord's dorsal funiculus differed slightly depending
on the inclination angle until 50% spinal canal occupation was
reached. When the occupied percentage was 60%, unilaterally
marked stress elevation within the spinal cord was observed
at inclination angles of a=10° or higher, with stress elevation
becoming more evident at 70% compression. Fig. 10 demon-
strates the percentage of spinal canal occupied upon injury
of the spinal cord and right LS ventral root at each form and
angle of compression. Injury was induced in the spinal cord
following compression with 43-48% spinal canal occupation
and in the L5 ventral root following compression with 58-61%
spinal canal occupation.

Discussion

The thoracolumbar junction is composed of high- and
low-level motor neurons of the spinal cord parenchyma, cauda
equina and nerve roots. Due to its unique structure, diverse
symptoms may appear in this area, making it difficult to
distinguish their exact origin (24-26). Slight differences in
lesions may lead to the appearance of diverse neurological
symptoms. For example, spastic paralysis, flaccid paralysis or
both may arise from slight differences in the affected level
of the thoracolumbar junction or the medullary cone (24,25).
Foot drop may also occur. Disorders arising at the level of
the thoracolumbar junction reflect disorders of the L5 ventral
root, while foot drop is also reflective of injury to the L5 nerve
root due to disorders such as fibular nerve paralysis, cerebral
disease and lumbar spondylosis, making the diagnosis more
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Figure 3. Degree of spinal cord/nerve root injury. The cauda equina was exposed to compression at 200 mmHg, which is equal to 0.027 MPa. An injury stress

of 0.11 MPa was therefore adopted for the cauda equina.
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Figure 4. Compression analysis. Compression analysis was conducted after setting the form of the anterior bone pieces as circles of 180, 160, and 140° with

radii of 15 mm.

The percentage of spinal canal occupied
=X=(Y,+Y )2

Figure 5. Degree of compression. The degree of compression was expressed
as the percentage of spinal canal occupied (the amount of compressed bone
within the spinal canal divided by the sagittal diameter of the spinal canal).
X, Anteroposterior diameter of bone fragment; Y, Cranial and caudal spinal
canal distance of injury level.

difficult (27-34). Diseases of the thoracolumbar junction
include degenerative diseases, such as disc herniation and ossi-
fication of yellow ligaments. In recent years, delayed paralysis
following osteoporotic vertebral fracture has been increasing
among the elderly population (35-37). Considering this vast
array of circumstances, the present study was undertaken to
evaluate the influence of the degree and form of compression
on the spinal cord and cauda equina.

Regarding the relationship between spinal canal stenosis
and neurological symptoms, a study by Denis (38) reported
that neurological symptoms were observed in cases where the
percentage of spinal canal occupation was =75% and were
rarely seen when the percentage was 25-50% or lower. A study
by Hashimoto et al (39) reported the presence of the risk of
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The percentage occupied
by bone pieces

Figure 6. Anterolateral compression model. (A) The bone pieces assumed to be rigid bodies were subjected to asymmetrical compression (anterolateral
compression), and analysis was conducted at inclination angles of a=0, 10, 15 and 20°. (B) The percentage of the spinal canal occupied by bone pieces (area

occupied by bone pieces/pre-compression spinal canal area).
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Figure 7. Symmetrical anterior compression model. The landscape color bar represents the degree of injury with red indicating the damaged section.
Compression analysis was conducted after setting the form of the anterior bone pieces as circles of 180, 160 and 140° with radii of 15 mm. Compression was

applied to an extent resulting in 40, 50 or 60% spinal canal occupation.

neuropathy when the percentage of spinal canal occupa-
tion was =35% at the T11/12 level, 245% at L1 and =55% at
levels L2 and lower. A study by Kim er al (40) also reported
similar results. These previous reports indicate that the risk of
paralysis increases as the percentage of spinal canal occupa-
tion increases, even when the degree of compression is small.

Multiple reports have been made from the standpoint
of conventional spinal cord biomechanics. Studies by
Kato et al (41-43) conducted analyses using a model of spinal
cord hemisection that involved application of external force to
a particular layer of the spinal cord. Studies by Li ef al (44,45)
investigated spinal cord mobility using a full-circumferential
model of the spinal cord, without setting levels of compres-
sion in the surrounding area. A study by Takahashi ef al (46)
created a two-dimensional model of preoperative and
postoperative compression, expressed as a sagittal section,
without evaluating axial images of the spinal cord. Studies by

Czyz et al (47,48) created a three-dimensional model of the
spinal cord. Studies by Maikos et al (49) and Greaves et al (50)
created models of the spine and spinal cord for analysis of
spinal cord kinetics and spinal cord stress due to compression.
Our previous research has also involved analyses of spinal
cord stress and the results demonstrated consistency with
the aforementioned clinical findings; however, such previous
analyses did not include the kinetics of the spinal cord and
nerve roots (8-10).

Regarding the degree of cauda equina injury, the present
study revealed that each type of compression is able to induce
injury to the L5 ventral root. This is because the L5 ventral
root is located in front of the spinal cord and may become
pinched between the spinal cord and surrounding bone pieces.
This suggests that it may be possible for foot drop to develop
if the anterior bone pieces touch the L5 ventral root due to
instability of the vertebral body. Analysis of the results of
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Figure 8. Percentage of spinal canal occupied following injury of the spinal cord and the L5 ventral root during each form of compression radius. Compression
amount exceeding the degree of injury (o,,/0,) 1.
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Figure 9. Asymmetrical anterior compression model. The landscape color bar represents the degree of injury, with red indicating the damaged section. Analysis
was conducted at inclination angles of a=0, 10, 15 and 20°. Compression was applied at ratio=40, 50, 60 and 70%.
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Figure 10. Percentage of spinal canal occupied upon injury of the spinal cord and right L5 ventral root at each form and angle of compression. Compression
amount exceeding the degree of injury (o,,/0,) 1.



the present study supports this possibility. In the present
study, when injury occurred, the percentage of spinal canal
occupation was 43-51% at the spinal cord and 52-63% at the
cauda equina (L5 ventral root), while the percentage occupied
by bone pieces was 43-48% at the spinal cord and 58-61% at
the cauda equina (L5 ventral root). This finding is consistent
with the aforementioned clinical data. Although this was a
two-dimensional evaluation, the findings of the present study
may be considered relevant and may be important in clinical
practice. Additional analysis revealed that compression of
>48% in any form may induce myelopathy and that compres-
sion of =52% may result in the development of foot drop, as
previously demonstrated (38-40).

The present study had several limitations. The study did
not account for blood flow, dentate ligaments or cerebrospinal
fluid. The study also used a two-dimensional model, which is
unable to assess the possibility of avoiding injury at higher
levels of compression due to three-dimensional motion of the
cauda equina. The motion of the cauda equina was defined on
the basis of a spring, thus making it impossible to consider
the possibility of free motion. Despite these limitations, the
observed differences in the manner of injury between the
spinal cord and cauda equina depending on the angle and level
of compression are consistent with previous clinical findings
and may encourage further advances in research in this field,
including three-dimensional analysis.

Analysis of compression of the spinal cord and cauda equina
at the thoracolumbar junction in the present study revealed
differences at the injured sites depending on the angle and level
of compression. It was also observed that the risk for appearance
of symptoms increases with levels of compression of =50%,
which is consistent with previous clinical findings. In conclu-
sion, the results of the present study suggest that nerve injury
at the thoracolumbar junction may vary depending on the form
and other features of compression, and that this feature compli-
cates diagnosis of disorders at this level of the spinal cord.
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