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Clinically, spinal cord injuries (SCIs) are radiographically evaluated and diagnosed
from plain radiographs, computed tomography (CT), and magnetic resonance imaging.
However, it is difficult to conclude that radiographic evaluation of SCI can directly
explain the fundamental mechanism of spinal cord damage. The von-Mises stress and
maximum principal strain are directly associated with neurological damage in the spinal
cord from a biomechanical viewpoint. In this study, the von-Mises stress and maximum
principal strain in the spinal cord as well as the cord cross-sectional area (CSA) were
analyzed under various magnitudes for contusion, dislocation, and distraction SCI mech-
anisms, using a finite-element (FE) model of the cervical spine with spinal cord including
white matter, gray matter, dura mater with nerve roots, and cerebrospinal fluid (CSF). A
regression analysis was performed to find correlation between peak von-Mises stress/
peak maximum principal strain at the cross section of the highest reduction in CSA and
corresponding reduction in CSA of the cord. Dislocation and contusion showed greater
peak stress and strain values in the cord than distraction. The substantial increases in
von-Mises stress as well as CSA reduction similar to or more than 30% were produced at
a 60% contusion and a 60% dislocation, while the maximum principal strain was gradu-
ally increased as injury severity elevated. In addition, the CSA reduction had a strong
correlation with peak von-Mises stress/peak maximum principal strain for the three
injury mechanisms, which might be fundamental information in elucidating the relation-
ship between radiographic and mechanical parameters related to SCI.
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Introduction

Acute SCI has been widely investigated because of its clinical
importance [1]. Vertebral dislocation represents a pattern of injury
to the spinal column that often results in a SCI and this type of
column injury results in a dislocation or shear mechanism of
injury to the spinal cord. Similarly, a burst fracture is a common
column injury pattern that often results in a contusion injury
mechanism to the spinal cord. In addition, spinal distraction fre-
quently contributes to neurological deficits and SCI that stretches
the spinal cord [1-4]. These distinct injury mechanisms produce
varying patterns of primary spinal cord damage in experimental
models [4,5], and increasing injury severity results in a graded
increase in the extent of spinal cord damage [6].

Clinically, SCIs are radiographically evaluated and diagnosed
using the spinal cord diameter, the spinal canal diameter, and the
Pavlov ratio (the ratio of the sagittal diameter of the cervical canal
to the corresponding diameter of the vertebral body) from plain
radiographs as well as the CSAs of the spinal cord and spinal
canal from CT or magnetic resonance imaging. A Pavlov ratio
less than a threshold (e.g., 0.8) is considered poor clinical out-
comes [7,8]. Moreover, there have been several studies regarding
the relationship between the reduction in CSA of the spinal cord
or spinal canal and the severity of neurological damage. A 30%
reduction in spinal cord CSA was correlated to neurological defi-
cits, while a 40-65% reduction was associated with severe injuries
[9-12]. The CSA of the spinal cord at the level of maximum com-
pression was closely correlated with the severity of myelopathy
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[13]. However, it is difficult to conclude that radiographic evalua-
tion of SCI can directly explain the fundamental mechanism of
spinal cord damage, even though it can be used to diagnose the
severity of SCI.

From a biomechanical viewpoint, the von-Mises stress and
maximum principal strain are directly associated with neurologi-
cal damage in the spinal cord [14—17]. The maximum principal
strain was reported as a good predictor of neural tissue damage by
both in vivo and computational studies [14—16]. The von-Mises
stress was also correlated with neurological deficits and damage
in the spinal cord [17]. Due to the limitations of experimental
observation of stress and strain related to SCIs, FE analysis has
been used to understand SCI mechanisms by investigating the
relationship between biomechanical parameters (e.g., stress and
strain) and neurological deficits and damage. The stress and strain
causing SCIs were analyzed in simple cases [18], contusion inju-
ries [15,19,20], and various spinal column injury patterns [21]
using FE models. Moreover, the strain distributions in the cord
during contusion and dislocation mechanisms were simulated
using FE models of rat cervical spine [16]. However, few studies
have performed an overall comparison between the stress and
strain in the spinal cord and the CSA during distinct injury mecha-
nisms. Further, the correlation between CSA reduction and stress/
strain could explain relationship between radiographic and me-
chanical parameters related to SCIs.

In this study, we analyzed the von-Mises stress and maximum
principal strain in the spinal cord as well as the cord CSA for
SCIs by contusion, dislocation, and distraction with various
degrees of injury severity, using an FE model of the cervical spine
with spinal cord including white matter, gray matter, dura mater
with nerve roots, and CSF. The injury severity of each SCI was
decided based on clinical studies. We then quantified the
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Fig. 1 The FE model of the cervical spine with the spinal cord:
(a) axial view (b) and sagittal view. The cervical spine compo-
nents, including vertebrae and intervertebral disks, were mod-
eled as rigid bodies.
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relationship between peak von-Mises stress/peak maximum prin-
cipal strain at the cross section of the highest reduction in CSA
and corresponding reduction in CSA of the cord.

Material and Methods

A three-dimensional FE model of the human C2—-C7 cervical
spine with the spinal cord was developed based on our previously
validated models [20,22]. The geometry of the cervical spine was
obtained from the CT images of C2—C7 at 1 mm intervals in a
175 cm tall 21-year old man. The geometry of the spinal cord was
based on the geometry of the cervical column with quantitative
measurements of the human spinal cord [23,24]. The recon-
structed spinal cord model consisted of white matter, gray matter,
dura mater with nerve roots, and a CSF layer, and it was assumed
to be symmetrical about the midsagittal plane (Fig. 1). The dural
sheath was placed 2.5 mm from the cord, since the thickness of
the CSF layer in the human cervical spine was 1.5 mm to 4.0 mm
in an experimental study [25]. The FE model was then developed
with 103,532 nodes and 201,282 elements, excluding fluid ele-
ments. Hexahedral elements were used and their skewness, warp-
age, and aspect ratio were below 0.20, 0.0005, and 1.71,
respectively. Fluid elements were modeled as Eulerian elements,
which are an arbitrary collection of cubic elements that fully
encompass the region of fluid material during the analysis. The
volume between the dural sheath and the cord was filled with
the Eulerian material defined by the Eulerian volume fraction.
The interaction between the fluid material and solid bodies was
then coupled by the Eulerian—Lagrangian analysis technique using
ABAQUS/EXPLICIT (ABAQUSTM, ABAQUS Inc., Providence, RI).
Furthermore, the cervical spine components, including vertebrae
and intervertebral disks, were modeled as rigid bodies to reduce
computational cost.

Material properties of the spinal cord, such as the stress—strain
curve of the white and gray matter, were obtained from an experi-
mental study [26]. Ogden’s nonlinear, hyperelastic constitutive
model using a first-order strain energy function was utilized for
the white and gray matter [27]. The dura mater with nerve roots
were assumed to be a single tangent modulus, as derived previ-
ously [28]. Material properties of the CSF were demonstrated
with a Newtonian fluid characterized by the viscosity of CSF
[29,30]. The material properties used in the spinal cord model are
summarized in Table 1.

To validate the developed model, a dynamic contusion impact
on the spinal cord using three types of pellets was simulated as
described previously [20]. The cylindrical shaped pellets were

g.2 FE models for (a) contusion injury, (b) dislocation injury, and (c) distraction injury
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Fig. 3 (a) Comparison of maximum percentage compression of the whole spinal cord and the cord within the
dural sheath for our FE results and previous experimental studies [32,33] and (b) comparison of time to maxi-
mum compression of the whole spinal cord between our FE results and a previous experimental study [33].

The pellets have same mass and different impact areas (pellet 1: 314 mm?; pellet 2: 157 mm?;

3:78.5 mm?).

used in the impacts, where the pellets were modeled with the
same mass (7g) and different impact areas Eellet 1: 314 mm?
with the diameter of 20 mm; pellet 2: 157 mm~ with the diameter
of 14.14 mm; pellet 3: 78.5 mm? with the diameter of 10 mm). In
order to simulate the impact on the spinal cord, the elements of
the lamina and spinous processes of the middle vertebrae (C4 and
C5) were removed. The pellets were free only in the perpendicular
direction to the spinal cord surface, and the initial impact velocity
was assumed to be 4.5m/s based on a simulated burst fracture
[31]. The vertebral bodies, bottom of the spinal cord, and distal
nodes of nerve roots were fixed in all directions. The displacement
behavior of the spinal cord such as maximum percentage com-
pression of the whole spinal cord and the cord within the dural
sheath in the anterior—posterior direction was measured from each
impact and then compared to those reported in previous ex vivo
experimental studies [32,33]. In addition, the time to maximum
compression of the whole spinal cord was compared to previous
experimental results [33].

For contusion injury, we simulated the contusion of the bone
fragment from the vertebral body onto the spinal canal. All verte-
brae, the bottom nodes of the spinal cord, and the distal nodes of
the nerve roots were constrained. The bone fragment was the pos-
terior one-third of the C5 vertebral body with impact area about
120 mm?, and it was enforced by applying 20%, 30%, 40%, 50%,
or 60% of the anterior—posterior diameter of the spinal canal at
the C5 level, based on previous studies [31,34] (Fig. 2(a)). The
maximum canal reduction of 60% was decided based on radio-
graphic findings showing that reduction in the spinal canal by
more than 50% resulted in spinal cord trauma [35,36].

For dislocation injury, the facet joints and discoligamentous
complex (DLC) between C4 and C5 were removed. The bottom
nodes of the spinal cord, the distal nodes of the nerve roots from
C5 to C7, and the C5 to C7 vertebrae were constrained. The C2 to
C4 vertebrae were anteriorly displaced by 20%, 30%, 40%, 50%,
or 60% of the anterior—posterior diameter of the C4 vertebral
body (Fig. 2(b)). The maximum anterior displacement of 60%
was selected because radiographic measurements showed that a
mean gross anterior displacement of 55% (range, 35-75%) of the
anterior—posterior diameter of the corresponding vertebral body

and pellet

along with contralateral facet joint dislocation could cause severe
neurological deficits [37].

For distraction injury, the facet joints and DLC between C4 and
CS5 were also removed. The top nodes of the spinal cord and the
distal nodes of the nerve roots from C2 to C4 vertebrae, and the
C2 to C4 vertebrae were constrained. The C5 to C7 vertebrae
were displaced downward by 3mm, 6 mm, 9mm, 12mm, or
15mm (Fig. 2(c)). The maximum displacement of 15mm was
chosen because the strain at this displacement exceeded the exper-
imentally observed failure tensile strain, 0.16, of the cervical spine
cord [38]. Displacement of the vertebral body and spinal cord
were not equal since they were not rigidly linked. Thus, the cou-
pling ratio of 0.55, which was defined by the ratio of spinal cord
strain to vertebral column strain, was considered based on a study
that utilized a nonhuman primate model to determine the coupling
relationship between the spinal cord strain and the vertebral col-
umn strain [39]. The displacement rates for the three types of inju-
ries were about 100 cm/s, which was same to that used in the
experimental SCI devices [40].

All SCI simulations were based on an experimental study [40]
and the subaxial cervical spine injury classification system [41].
Friction was not included, as a previous study reported that the
frictional coefficient had little influence on stress and strain distri-
butions [15]. The peak von-Mises stress and peak maximum prin-
cipal strain in the spinal cord and the reduction in cord CSA were
estimated for three injury mechanisms (contusmn dislocation,
and distraction) using FE analysis (ABAQUS , ABAQUS Inc.,
Providence, RI) at each level of injury severity. Then, the peak
values of stress and strain and CSA reduction were analyzed. The
convergence of FE analysis was guaranteed based on our previous
study [20]. Regression analysis with power functions was per-
formed to quantify relationships between peak stress and peak
strain and the CSA reduction at the same cross section of the
spinal cord for distinct injury mechanisms.

Results

The FE model was validated by comparing the maximum per-
centage compression of the whole spinal cord and the cord within

Table 1 Material properties used for FE model of the spinal cord
Material properties Density References
White matter Hyperelastic (Ogden): u=4.0kPa, 0 =12.5 1050 kg/m® [26,27]
Gray matter Hyperelastic (Ogden): u=4.1kPa, o =14.7 1050 kg/m® [26]
Dura mater (nerve roots) Elastic modulus: 80 MPa Poisson’s ratio: 0.49 1000 kg/m3 [28]
CSF Viscosity (Newtonian): 0.001 Pa-s 1000 kg/m3 [29,30]
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the dural sheath from the dynamic contusion impacts using three
types of pellets with previous ex vivo experimental studies. The
maximum percentage compression of the whole spinal cord and
the cord within the dural sheath at a velocity of 4.5 m/s was 40%
and 34% for pellet 1, 47% and 40% for pellet 2, and 54% and
42% for pellet 3, respectively. These values were consistent with
previous experimental results [32,33] (Fig. 3(a)). In addition, the
FE model showed similar trend of time to maximum compression
of the whole spinal cord with previous experimental study [33].
The time to maximum compression of the whole spinal cord
ranged from 2.8ms to 3.2ms for the three types of pellets
(Fig. 3(b)), which were comparable to previously reported times
of 3.0ms to 3.6 ms [33].

The von-Mises stress distributions in the transverse and sagittal
cross sections of the deformed spinal cord are presented in Fig.
4(a). The peak stresses occurred in the outer part of the gray mat-
ter in contusion and dislocation injuries and in all the gray matter
in distraction injury at the cross section of the highest reduction in
CSA. In both the contusion and dislocation, the maximum stresses
were gradually elevated from 20% to 50%, but they substantially
increased at 60%. Contusion and dislocation produced greater

Dislocation

(a)

Contusion

Dislocation
(b)

Contusion

stress values (0.125 MPa in contusion and 0.328 MPa in disloca-
tion) than distraction (0.018 MPa) (Fig. 5(a)).

The maximum principal strain distributions in the transverse
and sagittal cross sections of the deformed spinal cord are shown
in Fig. 4(b). The strain distributions were similar to the stress dis-
tributions. Peak strains were located at the outer part of the gray
matter in contusion and dislocation, while distraction produced
uniform cord strain. The maximum principal strains were 0.39 in
contusion, 0.44 in dislocation, and 0.21 in distraction (Fig. 5(b)).
The maximum cord strains increased proportionally to the injury
severity for all injury mechanisms.

The CSAs were gradually reduced in all three mechanisms as
the injury severity increased (Fig. 5(c)). The CSAs decreased by
27.5%, 34.5%, and 19.3% compared to the intact area during max-
imum contusion (60%), dislocation (60%), and distraction
(15mm). In the maximal contusion and dislocation cases, the
reductions in CSA reached or exceeded 30% of the intact area.
Regression analysis with power functions showed that CSA reduc-
tion strongly correlated with increasing peak von-Mises stress
(R*=0.99) and peak maximum principal strain (R*=0.90) for
three common SCI mechanisms (Fig. 6).

Distraction

Fig. 4 (a) von-Mises stress in the cord for a 60% spinal canal reduction in contusion, a 60% anterior displace-
ment in dislocation, and a 15 mm inferior displacement in distraction; (b) maximum principal strain in the cord
for a 60% of spinal canal reduction in contusion, a 60% anterior displacement in dislocation, and a 15 mm infe-
rior displacement in distraction. The “A” arrow indicates the anterior direction, while the “P” arrow indicates
the posterior direction.
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Discussion

The developed FE model of the cervical spine with the spinal
cord was validated by the dynamic impact test on the spinal cord
using three types of pellets, which was performed as in our
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previous study [20]. The maximum percentage compression of the
whole spinal cord and the cord within the dural sheath as well as
the time to maximum compression of the whole spinal cord were
consistent with experimental studies [32,33]. Although the experi-
mental studies used the bovine spinal cord and there were some
disparities, the comparison is reasonable due to a number of ana-
tomical and mechanical similarities between bovine and human
cords [42]. In addition to the validation of the model, we validated
the model for one specific situation against an experimental ani-
mal study [32,33], since there are few studies regarding mechani-
cal and physical properties of the human spinal cord.

In this study, we investigated the von-Mises stress and maxi-
mum principal strain in the spinal cord as well as the reduction in
cord CSA based on the injury severity for distinct injury mecha-
nisms. Contusion and dislocation showed greater stresses and
strains in the cord than distraction, whereas dislocation had
slightly higher values than contusion. In the stress and strain dis-
tributions, the higher value regions in contusion and dislocation
were located in the gray matter, while the relatively lower stress
and strain were uniformly distributed in the gray matter (stress)
and in the cord (strain) in distraction. These results were consist-
ent with previous studies. Dislocation injury resulted in more
severe damage to the cord and greater peak cord strain [4,16,21].
It was reported that contusion and dislocation produced similar
patterns of central hemorrhage in the gray matter, whereas no
appreciable hemorrhage was observed following distraction [4]. A
computational study showed that contusion and dislocation
resulted in higher strains at the injury site, while distraction pro-
duced more evenly distributed strain along the cord [21]. In addi-
tion, the maximum strains were 0.39, 0.44, and 0.21 in contusion,
dislocation, and distraction, respectively, while those values were
0.3 and 0.4 in contusion and dislocation, respectively, although
the rodent spinal cord was used [16].

Our results indicated that the stress in the cord was suddenly
elevated and the CSA was reduced by approximately 30% at a
60% canal reduction (contusion) and a 60% anterior dislocation,
while distraction increased the stress in the cord gradually and
showed the strain more than 0.20 at a 15 mm distraction. These
results could be explained from a mechanical viewpoint as nar-
rowing of the spinal canal above a certain threshold by contusion
and dislocation might cause a substantial increase compared to
distraction. These findings agreed with clinical observations. The
reduction by more than 50% in the spinal canal diameter was cor-
related with spinal cord trauma [35,36]. The gross anterior dis-
placement of contralateral dislocation of the facet joints with a
mean value of 55% in the anterior—posterior diameter of the corre-
sponding vertebral body could cause severe neurological deficits
[37], and an articular apposition above 50% of vertebral body
diameter could result in DLC disruption [41]. The failure tensile
strain of the cervical spine cord was experimentally measured as
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Fig. 6 Scatterplots of stress and strain versus reduction in CSA in all injury mechanisms
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0.16 [38], though SCI may initiate with a strain of 0.1 [43]. A
reduction in cord CSA by more than 30% was correlated with
neurological deficits [9—12]. In the case of ossification of the pos-
terior longitudinal ligament, a substantial increase of stress in the
cord was observed above a threshold, such as a 60% spinal canal
reduction [44].

Regression analysis results indicated that stress and strain might
be converted from the CSA reduction due to the strong correlation
both between stress and CSA reduction (RZ=0.99) and strain and
CSA reduction (R*=0.90). For example, a 20% CSA reduction
corresponds to 0.030 MPa of stress and 0.249 of strain, while a
30% CSA reduction corresponds to 0.193 MPa of stress and 0.390
of strain. However, it should be noted that correlation established
from only peak stress/peak strain that occurs at the cross section
of the highest reduction in the CSA for each injury mechanisms
and relations could be misused if the peak stress/peak strain and
CSA values from different cross sections of the spinal cord. Also,
the location of the damage to the spinal cord would have a signifi-
cant effect on the neurological condition. Although radiographic
parameters such as CSA reduction are conventionally used to
diagnose SCI severity, the relationships between those parameters
and mechanical parameters such as stress and strain, which are
directly related to SCI, have been partly investigated in aforemen-
tioned experimental and clinical studies. This finding may be fun-
damental information to elucidate the relationship between
radiographic and mechanical parameters related to SCI to explain
why CSA reduction can be used as an indicator of SCI, even
though this study was designed under simplified and ideal
situations.

There were several limitations in this study. The model was
validated only for the dynamic impact test against an experimental
study without consideration for the dislocation or distraction
injury conditions. Although the stress/strain distributions were
compared with previous computational studies, the direct valida-
tion for stresses and strains within the spinal cord was not done.
The stress/strain distributions may be highly dependent on the
geometry of the vertebral fragments and impact velocities in the
contusion mechanisms. Additional parameters, such as the impac-
tor size and impact velocity, need to be considered to more thor-
oughly investigate the relationship between stress/strain and CSA
reduction and to improve its confidence. In addition, there is a
lack of information regarding quantitative correlation between the
mechanical parameters (stress/strain) and neurological deficit in
clinical condition.

Material properties were obtained from an experimental study
[26], and separate stress—strain curves for white and gray matters
using bovine spinal cord were considered, as in previous modeling
studies [18,45,46], due to the lack of studies regarding material
properties of human gray matter [47,48]. In addition, the constitu-
tive model of the spinal cord was assumed. All vertebrae and
intervertebral disks were modeled as rigid bodies to reduce com-
putational costs, and thus an important boundary condition of the
failed disk-vertebra interface in the dislocation case was not con-
sidered. The inward buckling of the dura mater occurred in the
dislocation mechanism, even though it has not been observed
experimentally. The flow of fluid initially located between the
cord and the dural sheath was not incorporated since this had little
effect on spinal cord deformation [19]. Finally, the cervical spine
was modeled with one spinal alignment from one subject. Multi-
ple cervical spine models with various spinal alignments using re-
alistic patient-specific material properties as well as the sensitivity
analysis for material properties can enhance the confidence of this
study, although the results from this computational study are
relevant to previous experimental and clinical studies.

In conclusion, we simulated three SCI mechanisms (contusion,
dislocation, and distraction) based on clinical studies and analyzed
the von-Mises stress and maximum principal strain in the spinal
cord as well as the cord CSA for various injury severities. Dislo-
cation and contusion showed greater stress and strain values in the
cord than distraction. The substantial increases in cord stress as

081003-6 / Vol. 138, AUGUST 2016

well as CSA reduction similar to or more than 30% were produced
at a 60% contusion and a 60% dislocation, while the cord strain
was gradually increased as injury severity elevated. In addition,
the strong correlations between peak von-Mises stress/peak maxi-
mum principal strain and CSA reduction were quantified, which
might be fundamental information in elucidating the relationship
between radiographic and mechanical parameters related to SCI.
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Nomenclature

CSA = cross-sectional area
CSF = cerebrospinal fluid
CT = computed tomography
DLC = discoligamentous complex
FE = finite-element
SCI = spinal cord injury
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