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The cervical spinal cord is at a great risk for injury during
traumatic accidents occurring within people of relatively
young age.  Spinal cord injury can not be easily character-
ized clinically nor through in vitro testing.  An understand-
ing of cervical spinal cord deformation is important for
defining an injury threshold of the spinal cord.  Therefore,
an analytical method may be beneficial for determining
the response of the spinal cord response to external loads
on the spine.

We have developed a three-dimensional, non-linear finite
element model to quantify physiologic strains and stresses
in the cervical spinal cord placed in the ligamentous C5-C6

motion segment.  Compressive loads along with flexion
and extension moments were applied to the bony segment
and not the cord itself.  Motion data, shown in degrees of
movement in flexion and extension calculated for the model
showed a close representation to in vivo data.  Von Mises
stress plots and strains on the cervical spinal cord were
computed.  This model represents a first attempt by the
authors to analytically quantify the mechanical response
of the spinal cord to cervical spine injury.
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Several spinal disorders and traumatic loading situations
are known to inflict damage to neurovascular components
of the cervical spinal cord.  The spinal cord can be cut in
an accident, compressed, destroyed by infection, damaged
when its blood supply is cut off, or affected by diseases
that alter its nerve root function.  Economically, physically,
and socially, spinal cord trauma is a debilitating
occurrence.  Around 56% of spinal cord injuries occur in
people under the age of 30, with the highest incidence
rates in people 16-30 years of age, a youthful and otherwise
healthy population.  A percentage breakdown of the causes
of spinal cord trauma is as follows: 37% due to motor
vehicle accidents, specifically whiplash injuries, 21% due
to falls, 6% due to sports (particularly diving-related

injuries), and 28% due to acts of violence (i.e., firearms).
Though the number of injuries resulting from vehicular
accidents is decreasing, the injuries due to violence are
rapidly increasing.

The incidence of spinal cord injury, as recorded by the
highest level of injury, occurs in the upper cervical (C1-
C2) region in 11%, the lower cervical (C3-C7) in 51%,
the upper thoracic (T1-T10) in 14%, the thoracolumbar
(T11-L2) in 20% and the lumbar/lumbosacral (L3-S3)
segment in 4% of patients(1).  Clearly the lower cervical
spine is at the greatest risk of traumatic injury of the spine
and spinal cord; whiplash being a common source of lower
cervical spine injury.

The precise mechanism of whiplash is an uncertain issue.
Theories range from whiplash being defined as a
hyperextension-type injury to being caused by posterior
hypertranslation of the head (2-5).  The severity of
whiplash trauma, as documented from radiographs, does
not correlate with the seriousness of clinical problems such
as pain in the neck and headache. This suggests that
radiographs alone do not adequately describe the whiplash
mechanism.

Clinical disorders observed in whiplash have been
relatively well documented.  However, clinical
investigations have shown no apparent relation between
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the degree of neurologic deficit and canal occlusion (6,7).
This apparent discrepancy may be due to significant
differences between canal height and mid-sagittal diameter
during and immediately following impact as compared to
these dimensions measured long after impact (for instance,
2 hours post-impact) (8-10). Through in vitro experiments,
investigators have found that post-injury 65% of the
maximum canal height loss and 269% of the mid-sagittal
diameter occlusion, that had occurred under the traumatic
compressive load, are recovered.  Thus, post-injury
geometry is not useful in predicting transient canal
geometry, indicating the severity of injury can be masked
by the clinical presentation of canal geometry found post-
injury.  Likewise, by the time the patient is transported to
the hospital and undergoes magnetic resonance imaging,
the cord and associated spinal structures have recovered
compared to the state of immediate injury.  Thus, a true
diagnosis of the pathomechanism of the injury is extremely
difficult.  Studies using in vitro techniques to observe these
cervical spinal and cord changes would not be feasible
due to the changes in the spinal cord after dissection as
well as to changes in spinal geometry compared to at the
time of an injury.

In vitro cadaveric studies are conducted in an attempt to
simulate whiplash injury as cord deformations have been
seen in a flexion-compression model of the upper thoracic
spine.  However, it is difficult to reproduce the in vivo
environment in order to quantify changes in the spinal cord
deformation and structure.

An understanding of physiologic cervical spinal cord
deformation is important for defining an injury threshold
of the cervical spinal cord.  Studies have shown that
damage to the spinal cord can occur regardless of
significant damage to surrounding structures.

The shape and size of the structures seen on radiographs
and MRI taken long after the trauma do not correlate well
with clinical symptoms such as pain.  Since the spinal
column undergoes rapid compression and then recovery
during and after impact loads, the stresses, strains, and
deformations in the spinal cord, spinal ligaments and bony
structures will decrease by the time a patient is scanned
for possible lesions.  There is no data correlating the
behavior of the human spinal cord during impact delivered
to the head with the clinical symptoms in vivo.  Thus,
although there is a need to undertake in vivo studies on
humans during impact, such investigations are not
practical.  Likewise, animal studies are not practical as
the forces generated during a whiplash injury cannot be

adequately represented with a quadruped.  Similarly, in
vitro tests cannot address this issue.

Most of the relevant research to date has been performed
experimentally with many strict restrictions and thus the
analytical methods proposed here may possibly overcome
these restraints. Analytical methods have been widely
applied in spinal problems to quantify the changes of each
spinal element, though biomechanical aspects of spinal
cord injury have not been thoroughly investigated.  Finite
element analysis is the most popular analytical method
for quantifying stresses in the spinal column.  In this
research, a three-dimensional finite element model of C5-
6 motion segment including dural-sac element and the
spinal cord has been developed to investigate the effects
of mechanical forces on the spinal cord. At the time of
injury, the spinal cord is subjected to different
combinations of shear and compressive forces in addition
to possible distraction.  To understand the mechanics of
spinal cord injury, one needs to quantify stresses and
strains within the spinal cord in response to external loads
applied to the bony spine.  As has been previously
discussed, experimental studies cannot address this issue.
However, we hypothesize that an analytical method may
be able to quantify the forces in the cervical spinal column
to predict their effects on the spinal cord.

METHODS

Computerized tomography (CT) scans, anatomic
textbooks, and other information from the literature were
used to develop the three-dimensional non-linear
ligamentous model, an approach used in our earlier finite
element (FE) models (11).   A ‘normal’ fresh frozen human
ligamentous cervical spine was scanned at 1.0 mm intervals
along the lower cervical spine (C3-C7).  Radiographs and
DEXA (dual-energy x-ray absorptometry) were used to
ensure no osseous abnormalities existed with the specimen
and that the bone quality was good.  The lower cervical
region from mid-C2 to mid-T1 was scanned (settings:
120kV, 200mA, 1 sec exposure time, slice thickness = 1.0
mm) using CT scan (Toshiba Xpress/SX®, Tustin, CA).
A total of 94 transverse plane scans were generated.  The
cross-sectional shapes of the bony geometry depicted in
the transverse slices were divided into finite regions by
creating a mesh structure by hand.  Tracings were made
of each of these images and points in each tracing were
digitized to generate the FE model mesh using ABAQUS
standard finite element package.   The digitized sections
were stacked serially in the appropriate order to obtain a
three-dimensional model of the C5-C6 segment for the
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purpose of this study (Figure 1).  A 5° segmental angular
measure was used to create the lordotic curve for the C5-
C6 model.  This is within 1 standard deviation of the values
obtained from the literature.

The spinal cord geometry was generated from pictures
found in anatomical texts and atlases, (transverse slice
pictures), pictures of fresh cadaver materials, and from
published population data.  The pictures were scanned and
saved.  The outline of the pertinent structures of the spinal
cord (i.e. canal boundaries, grey and white matter, etc.),
were “traced” using image processing utilities.  These
tracings were scaled to fit the canal dimensions in the finite
element models described above.  From these tracings,
points were generated on the outlines and a mesh created.
The mesh was built up layer by layer until a three-
dimensional model of the cord was generated (Figure 1).
Changes in the cross-sectional area of the cord needed to
be appropriately modeled as the area changes throughout
the length of the cervical spine from C0-C7.  Although a
viscoelastic structure, the present model being quasi-static,
cord material properties were assumed to have elastic
properties based on values taken from the literature (12).
(Table 1).  Surface contact was simulated between the dural
sheath of the cord and the vertebral elements in the spinal
canal and posterior aspect of the C5-C6 intervertebral disc.

After modeling the main part of the spinal cord, the next
step was to model the associated C5 and C6 spinal nerve
roots, dentate ligaments, dural sheath, CSF, gray matter,
white matter, connective fibers, and dura mater in a similar
manner.  The studies by Bilston et al. and Yuan et al. were
helpful in providing us the material property data of the
spinal cord for use in the model (13,14).  Also, studies
involving human dura matter surrounding the brain were
useful in simulating the dura matter of the spinal cord (15).

For some structures, material properties were approximated
as those of similar biological materials due to lack of
property definitions in the literature. The intact model
contained 24,732 nodes and 21,895 elements (Figure 1).

The C6 inferior-most bony nodes and the bottom of the
cord were fully constrained, while the top of the cord was
left unconstrained.  Surface contact was simulated between
the dural sheath of the cord and the elements in the spinal
canal and posterior aspect of the C5-C6 intervertebral disc.
The global coordinate system of the model (1, 2, and 3)
was oriented positive to the left looking posterior to
anterior, positive anteriorly, and positive downward axially
along the spine, respectively (Figure 1).  All models were
run using ABAQUS (version 5.8, Hibbitt, Karlsson &
Sorenson, Inc., Pawtucket, RI).  The model was subjected
to pure axial compressive loading (73.6 N) with flexion
or extension moments (1.5 Nm) applied to the upper bony
section of the C5 vertebra.  Changes in cord and dura
deformations/strains in the axial direction were computed.
The resulting von Mises stress patterns and levels at the
white/gray matter and the dural sheath of the cord were
computed.  The spinal cord strain (∈22 strain, axial
direction) values were computed from a set of elements
along the anterior and posterior midlines of the cord (18
elements for C5 and 12 elements for C6).  These elements
were chosen because they lay behind the vertebral sections
of the model.  Similarly, the elements of the dural sheath
chosen for analysis of the C5-C6 disc space also lay behind
the disc along the anterior midline of the spinal cord.

RESULTS

Range of motion validation of the intact C5-C6 model was
performed by comparing model predictions to published

Fig. 1. (A) Side view of C5-C6 spinal cord model with spinal cord and connective fibers. (B) Top view
of the C5-C6 spinal cord model showing placement of spinal cord, CSF, and dural sheath in canal
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cadaveric load-displacement data.  Load cases used for
validation included 0.5, 1.0, or 1.5 Nm moments in flexion/
extension, lateral bending, or axial rotation and a combined
load of 73.6 N plus a 1.8 Nm flexion/extension, lateral
bending, or axial rotation moment.  These loads correspond
to loads applied in vitro by Onan et al. (16), Grauer et al
(17), Clausen et al. (18), our own in vitro experiments
(19), and Moroney et al.(20)  Overall, predicted main and
coupled rotations agreed well with the published in vitro
data, typically within 1 or 2 standard deviations of
experimental data (depending upon the study and level
examined).

Intact motion segment model predictions demonstrated
good agreement with in vitro data.  The model predicted

3.5° of flexion in response to the applied compressive and
flexion moment.  Assuming that each spinal segment
contributes an equal amount of rotation, about 23° of
flexion will be needed across the C0-T1 level to produce
3.5° of flexion at the C5-C6 level.  In this case, the model
predicted axial strains in the spinal cord were within the
in vivo range corresponding to approximately 20° of
flexion reported in the literature (14) (Table 2).  Average
posterior and anterior axial strain values for the spinal
cord white/gray matter in flexion were approximately 0.4-
1.0% less, respectively, at the C5 level than that described
as the average result for the entire cervical spine at 20° of
flexion by Yuan et al. (14) (Table 2).  The C6 average
strain in the white/gray matter in flexion was less than the
C5 level average strain (this effect may be partially due to
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Table 1. Material Properties for the C5-C6 Model with Spinal Cord

ALL = anterior longitudinal ligament, PLL = posterior longitudinal ligament, LF = ligamentum flavum, ISL = interspinous ligament,
CAP = capsular ligaments
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boundary conditions imposed at the inferior end of the
cord).  The strain in the elements of the dural sheath
directly behind the disc evidenced an increased average
strain compared to the average strain of the C5 level behind
the bony vertebra for both flexion and extension, due to
contact between the disc and dural sheath.  Von Mises
stress patterns indicate higher stresses anteriorly and
posteriorly during flexion and extension, particularly on
the anterior side of the dural sheath where it contacts the
disc during flexion (disc bulge) (Figure 2).
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Table 2.  % Strain in Cord and Dural Sheath During Flexion/Compression

  

2a 2b

Fig. 2.  (A)  von Mises stress plot of the anterior spinal mcord (dural sheath shown) under flexible
loading.  (B)  von Mises stress plot of the posterior spinal cord (dural sheath shown) under flexion
loading.

DISCUSSION

The trend of the strain data indicates that the posterior
surface of the cord was strained more than the anterior
surface during flexion, which is in agreement with the data
from Yuan et al.  Also, the von Mises stress plots indicate
an increase in stress on the dural sheath during flexion
due to disc bulging.  Since our data on predicted

(14)
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displacement and strain within the cord agree with the
published data, we can attest to the correctness of the
approach adapted for the development of this preliminary
model. Predictions based on such an improved model will
help us reach a better understanding of the mechanics of
whiplash trauma and the ways in which this may be
prevented and/or treated.

This FE model represents the first attempt the authors are
aware of to quantify stress and strain in the spinal cord
during physiologic spinal loading using a three-
dimensional FE cervical spine model with spinal cord.  As
with any analytical model, there are some limitations.  First,
the model was created based on a single person’s CT scans
so the results may not hold true for the majority of the
population.  On the other hand, this is one of the strengths
of the model.  Finite element models permit parametric
studies to highlight the most important parameters.  Certain
assumptions about the size of the spinal cord will need to
be made based on canal geometry.  Secondly, the model
contains no simulation of muscles or muscle forces.
However, as many authors have found that muscles do
not react in time to ‘prevent’ whiplash injury from
occurring, this lack of musculature is not considered
detrimental to the model with regards to the study of
whiplash.  Another limitation involves the inability of a
quasi-static study to model a rapid injury such as that which
occurs during a whiplash event.  Also, since relatively little
is known about the exact material properties of the cord
components, assumptions have to be made based on other
soft tissue or other material data in the literature.  In the
future, more work needs to be done to more accurately
define the material properties so a better model can be
generated.

The current model was tested only under the static loading
conditions and thus research needs to be extended to
incorporate dynamic loading conditions on the spine.
Further work needs to be done to study the implications
of other cervical spinal injuries such as sports related
injuries, falls, and acts of violence, to determine the effects
of the spinal cord to other traumatic incidents.  Future
studies should also include modeling the contact between
the spinal cord and the vertebra, disc, and other associated
structures to more accurately predict their effect on both
the spine and the spinal cord.  This model may also prove
a useful tool in the evaluation of stresses and strains in the
spinal cord as a function of changes in material properties
of the spinal cord and spinal disorders such as
spondylosis.
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