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Abstract

Recent demographics demonstrate an increase in the number of elderly spinal cord injury patients, motivating
the desire for a better understanding of age effects on injury susceptibility. Knowing that age and disease affect
neurological tissue, there is a need to better understand the sensitivity of spinal cord injury mechanics to
variations in tissue behavior. To address this issue, a plane-strain, geometrically nonlinear, finite element model
of a section of a generic human thoracic spinal cord was constructed to model the response to dorsal com-
pression. The material models and stiffness responses for the grey and white matter and pia mater were varied
across a range of reported values to observe the sensitivity of model outcomes to the assigned properties.
Outcome measures were evaluated for percent change in magnitude and alterations in spatial distribution. In
general, principal stresses (114–244% change) and pressure (75–119% change) were the outcomes most sensitive
to material variation. Strain outcome measures were less sensitive (7–27% change) than stresses (74–244%
change) to variations in material tangent modulus. The pia mater characteristics had limited (<4% change) effects
on outcomes. Using linear elastic models to represent non-linear behavior had variable effects on outcome
measures, and resulted in highly concentrated areas of elevated stresses and strains. Pressure measurements in
both the grey and white matter were particularly sensitive to white matter properties, suggesting that degen-
erative changes in white matter may influence perfusion in a compressed spinal cord. Our results suggest that
the mechanics of spinal cord compression are likely to be affected by changes in tissue resulting from aging and
disease, indicating a need to study the biomechanical aspects of spinal cord injury in these specific populations.
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Introduction

It is well established that the severity of damage re-
sulting from spinal cord injury is strongly influenced by the

mechanics of the impact (Anderson, 1985; Noyes, 1987;
Kearney et al., 1988; Bresnahan et al., 1991; Behrmann et al.,
1992; Basso et al., 1996; Gruner et al., 1996). The expanding
aging population and recent reported increases in the num-
bers of elderly spinal cord injury patients ( Jackson et al.,
2004), however, motivate a need for improved understanding
of the influence of age on injury susceptibility. Mechanical
characterization of neural tissue has shown that tissue me-
chanical properties vary with age (Prange and Margulies,
2002) and disease affects tissue structures (Lovas et al., 2000;
Bot et al., 2004). Knowing this, there is a need to better un-
derstand the sensitivity of spinal cord injury mechanics to

variations in tissue behavior. However, acquiring and testing
fresh human spinal cord tissue is quite difficult. Identifying
which material properties have the greatest influence on
injury mechanics a priori will allow for the direction of ex-
perimental resources toward characterizing the most critical
materials.

The effect of variation in material moduli of the spinal cord
constituents on the mechanics of injury has not been quanti-
fied and is thus poorly understood. The complexity of ner-
vous tissue and the difficulty in maintaining tissue integrity
for biomechanical testing have resulted in great variability in
the observed material moduli and the assigned constitutive
models. Reported mechanical properties have demonstrated
substantial variations due to both the state of the tissue (Metz
et al., 1970; Gefen and Margulies, 2004; Oakland et al., 2006;
Garo et al., 2007) and the test parameters (Bilston and

1Department of Mechanical Engineering, and 2Department of Neurological Surgery, University of California–Berkeley, Berkeley,
California.

3Department of Bioengineering, University of California–Berkeley, Berkeley, California.

JOURNAL OF NEUROTRAUMA 26:585–595 (April 2009)
ª Mary Ann Liebert, Inc.
DOI: 10.1089=neu.2008.0654

585



Thibault, 1996; Ichihara et al., 2001; Prange and Margulies,
2002; Ichihara et al., 2003; Fiford and Bilston, 2005). Ad-
ditionally, while the spinal cord is often tested as a single
structure (Bilston and Thibault, 1996; Fiford and Bilston, 2005;
Oakland et al., 2006), the individual constituents of the cord
have markedly different mechanical properties (Ichihara et al.,
2001; Ichihara et al., 2003; Aimedieu and Grebe, 2004; Jin et al.,
2006). Experimental observations conflict on whether the grey
matter is more (Ichihara et al., 2001), less (Coats and Mar-
gulies, 2006), or equally (Ozawa et al., 2001) stiff than the
white matter. Results from finite element analyses performed
on a homogenous spinal cord suggest that tissue level me-
chanics are more sensitive to the choice of material constitu-
tive model (i.e., orthotropic versus isotropic) than to the
magnitude of the elastic modulus (Bilston, 1998). However,
distributions of stresses within the spinal cord change when
the grey and white matter and pia mater are modeled indi-
vidually (Ichihara et al., 2001). Furthermore, representing the
non-linear response of the spinal cord with a linear elastic
model is common in finite element models (Scifert et al.,
2000; Greaves et al., 2008), but the effect of this simplification
on compression injury mechanics is unknown.

The overall goal of this study was to quantify the sensitivity
of finite element-derived estimates of tissue level stresses and
strains in the spinal cord to changes in the assumed material
characteristics of the cord constituents. The specific objectives
were to: (1) quantify the effect of variations in material mod-
ulus on peak values of stresses and strains in the grey and
white matter and map the distribution of values across the
spinal cord; and (2) quantify the changes in outcome measures
resulting from using simpler linear elastic models to represent
the non-linear behaviors of the grey and white matter. This
study is unique, as it is the first to quantitatively assess the
effects of variations in cord tissue material behavior on the
internal tissue mechanics of spinal cord compression.

Methods

A plane-strain, geometrically nonlinear, finite element
model of a section of a generic human thoracic spinal cord
was constructed to model the response to dorsal compression
(Fig. 1). A plane-strain analysis was selected to account for
the substantial length-to-width ratio of a three-dimensional
spinal cord. Additional analyses using plane stress and three-
dimensional models confirmed that the plane-strain models
reflected actual trends (see section on plane-strain models).
Two flat plates (E¼ 17 GPa) bounded the spinal cord and
a uniform compressive displacement was applied to the
posterior side of the spinal cord to a depth of 1.5 mm or 30%
compression. The compression was applied statically and
computed implicitly. The contact between the spinal cord and
loading plates was frictionless. The spinal cord was modeled
(ABAQUS version 6.5; Abaqus Inc. Providence, RI) after anal-
ysis of a composite of grey matter, white matter, and pia
mater, with geometry obtained from a published MRI scan of
the human thoracic spinal cord (Schoenen and Faull, 2004).
White and grey matter elements were modeled with an eight-
node, plane-strain hybrid formulation to account for the nearly
incompressible nature of spinal cord tissue (Table 1). Pia
mater was modeled using three-node hybrid truss elements,
which carried only tensile loading, similar to a membrane.
The pia mater truss elements were tied to white matter nodes

to enforce displacement compatibility. A mesh refinement
analysis confirmed numerical convergence, and output re-
ports and visual inspection of elements were used to confirm
that excessive deformations did not influence the observed
peak outcome values.

The material models and stiffness responses for the grey
and white matter and pia mater were varied across a range of
reported values to compute the sensitivity of model outcomes
to the assigned properties (Table 1). Because of a lack of data
for fresh human spinal cord, the material characteristics for
the grey and white matter were obtained by fitting mathe-
matical material models to published experimental results for
bovine spinal cord tissue (Ichihara et al., 2001). A third-order
Ogden (Ogden, 1984) hyperelastic, incompressible, isotropic
strain energy function (Eqn. 1) was used to model non-linear
elastic responses of the grey and white matter, while the pia
mater was modeled as linear elastic (Aimedieu and Grebe,
2004; Jin et al., 2006):

W¼
X3

i¼ 1

li

ai
(kai

1 þ kai

2 þ kai

3 � 3) (1)

in which li are the principal stretches, l1l2l3¼ 1 for in-
compressibility and mi, ai (i¼ 1–3) represent six independent
material parameters. For each material, only the tangent
modulus was altered (Eqn. 2):

Etangent¼
(r2� r1)

(e2� e1)
(2)

in which Etangent is the tangent modulus and si is the stress in
the material at a given strain ei. The tangent modulus was
calculated using e1¼ 0.3 and e2¼ 0.5, as the experimental data
for both grey and white matter were nearly linear in this range
(Ichihara et al., 2001). The material behavior at low strains (toe
region) was kept the same for all the hyperelastic materials,
consistent with the experimental findings (Ichihara et al.,
2001). The six material parameters in the Ogden model were
optimized to fit each prescribed tangent modulus (Table 2). In
the linear elastic material models, the elastic moduli were the
tangent moduli. Poisson’s ratio (linear elastic) and incom-
pressibility (hyperelastic) remained fixed in the material def-
inition. To determine the importance of using the more
complex material model for the white and grey matters, a
second series of analyses was run using linear elastic models
instead of hyperelastic models for those tissues. Displacement
compatibility was enforced at all material interfaces. In total,
250 analyses were run.

The stress and strain outcome measures were evaluated for
magnitude and distribution across the spinal cord. Direc-
tional, principal, and shear strains, along with principal and
shear stresses and pressure were recorded in both the grey
and white matters. The overall force-displacement response of
the cord to loading was also recorded. A single peak value (at
the 95th percentile to eliminate any computational artifacts)
was obtained for each of the outcome measures in each of the
125 hyperelastic models to examine the sensitivity of resulting
stresses and strains to changes in material properties. A per-
cent variability was obtained for each outcome measure by
subtracting the minimum peak value of the 125 hyperelastic
models from the maximum peak value and then dividing that
range of outcome values by the mean peak value (Eqn. 3).
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max(peakvalue)�min(peakvalue)

mean(peakvalue)
· 100 (3)

Linear models were developed from stepwise regression
analyses ( JMP 7.0; SAS Institute Inc., Cary, NC) to determine
the relative contribution of each material variable to the me-
chanical outcome measures. Variables included in the step-
wise regression analysis were white matter modulus, grey
matter modulus, interaction between white and grey matter
moduli, and pia mater modulus. The contribution of each
material parameter to the overall variability of a given out-
come measure was determined by multiplying the R2 value
for that material, as determined by the stepwise regression, by
the percent variability for that outcome measure. For exam-
ple, if the total variability of strain x is 40%, and the R2 value
for white matter corresponding to strain x was 0.5, then the
variability of strain x attributed to white matter variation
would be 20%. The difference between the net R2 value
and one following the stepwise regression was attributed
to higher order interactions of material properties. Plots
were generated to show the relative contribution of each

material parameter to the overall variation in each outcome
measure.

Locations of peak stresses were qualitatively analyzed by
anatomic location within the spinal cord. Comparing the
mechanical response of the constructed composite cord model
to previously reported values of whole cord tangent moduli
validated the model (Hung and Chang, 1981; Chang et al.,
1988; Bilston and Thibault, 1996; Ozawa et al., 2001; Sparrey,
2004; Fiford and Bilston, 2005). An ‘‘effective’’ tangent mod-
ulus (Eff) of the whole cord complex for each model was ap-
proximated using the analytical solution for plane-strain
compression of an elastic cylinder between two platens, which
accounted for deformation of the cylinder contact surfaces
(Eqn. 4) ( Jawad and Ward, 1978):

Eeff ¼
� 4F

p
1� �2

u

� �
(0:19þ sinh� 1(R=b)) (4)

in which F is the applied force, u is the axial deformation,
n¼ 0.5 is the Poisson ratio, R is the radius of the spinal cord
(3.75 mm), and b is the contact width (4 mm) measured from
the deformed finite element model.

FIG. 1. The finite element model of a generic human thoracic spinal cord. Grey and white matter materials were modeled
using eight-node, plane-strain, hybrid elements. Pia mater was modeled using three-node truss elements.
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Results

Principal stresses (114–244%) and pressure (75–119%) were
the outcome measures most sensitive to material tangent
modulus variations. In general, strain outcome measures
were less sensitive (7–27%) than stresses (74–244%) to varia-
tions in material tangent modulus (Fig. 2). Whole cord me-
chanical response was most influenced by white matter
properties (r2¼ 0.91), while grey matter (r2¼ 0.08) and pia
mater (r2¼ 0.002) properties had little effect. As expected,
stresses and strains measured in the grey matter were most
sensitive to changes in grey matter modulus, while white
matter properties played a dominant role in outcome mea-
sures in the white matter. However, the pia mater modulus
had very little effect on stress and pressure measurements, but
was the main material (r2¼ 0.52) affecting shear strain out-
comes in the white matter. Furthermore, principal stresses
(r2¼ 0.43) and strains (r2¼ 0.29) in the white matter were
particularly sensitive to the interaction between grey and
white matter material properties. Strains were much more
robust to material property variations than stresses, and white
matter properties significantly influenced pressure outcomes
in both the grey and white matter.

Material modulus parameters also influenced the spatial
distribution of the stresses and strains across the spinal cord
cross-section. Principal strains were concentrated in the dorsal
and ventral white columns when the grey matter was as-
sumed to be stiffer than the white matter (Fig. 3). Principal
strains were concentrated in the central grey and white mat-
ter, but spread laterally to include parts of the dorsal and
ventral grey horns when the grey matter was assumed to be
less stiff than the white matter. Principal stresses were sensi-
tive to relative properties between grey and white matter, with
high tensile stresses developing in the central grey matter
when the grey matter was stiffer than the white matter.
Pressure in the central grey matter was elevated when the
grey matter was less stiff, but was negative when the grey
matter was stiffer. As expected, the distributions were similar
for models when the magnitudes of difference between grey
and white matter moduli were the same (i.e., grey matter

moduli minus white matter moduli equaled 50 kPa). The
distributions of shear strains and shear and compressive
stresses were unaffected by changes in relative properties of
the spinal cord tissue. All outcome measures showed peak
values concentrated in the dorsal and ventral white matter
columns when the grey and white matter stiffness values were
equal.

Generally, the linear elastic constitutive models predicted
more concentrated areas of elevated stress and strain com-
pared with the more diffuse distribution in the hyperelastic
models. The use of a linear elastic constitutive model instead
of the nonlinear Ogden model overestimated the strain and
stress outcome measures (3–68%) but underestimated the
pressure outcome (4–17%) (Fig. 4). Principal stress outcomes
were most sensitive to choice of constitutive model, while
strain measures were more robust. The differences due to
choice of material model were greatest in the models having
the least stiff grey and white matter (21%), and were mini-
mized as the materials became stiffer (1.9%). The use of a
linear elastic material model also affected the distribution of
stresses and strains across the spinal cord cross-section.

Plane-strain models

The use of a plane-strain assumption in developing the
models in this study was guided by mechanical theory, which
indicates that a plane strain assumption is suitable for models
in which the third direction of strain is expected to be negli-
gible (usually thick specimens). A plane-stress assumption, in
contrast, is thought to be suitable when the third dimension of
stress is negligible (typically for very thin specimens). In re-
ality, both the plane-strain and plane-stress analyses fail to
capture the complete behavior of a three-dimensional sce-
nario, but are necessary to reduce computational costs. It has
not been clearly established, however, how these theories
apply to very soft and highly deformable materials such as the
spinal cord. It was therefore necessary to evaluate how the
plane-strain assumption influenced the outcomes observed in
this study and how the outcomes compared with outcomes
from plane-stress and three-dimensional models in order to be
fully confident in the trends reported in this study.

Two sets of models were developed to compare outcomes
with the plane-strain assumption. Twenty-five models were
developed, identical to those models used in the study, with
plane-stress elements assigned to the spinal cord and com-
pression platens. The pia mater properties were held constant
in these models, as they were shown to have a limited effect on
the outcomes, while the grey and white matter properties
were simultaneously altered through the range of hyperelastic
parameters. Additionally, five three-dimensional models were
generated by extruding the planar model geometry a length of

Table 1. The Different Material Models, Tangent Moduli, Element Types, and Number of Elements Used

in Each Material Component of the Spinal Cord Finite Element Model

Material Model Etangent (kPa) No. of elements Element

Gray matter Hyperelastic, linear elastic 65, 90, 115, 140, 165 666 Eight-node plane-strain hybrid
White matter Hyperelastic, linear elastic 65, 90, 115, 140, 165 2424 Eight-node plane-strain hybrid
Pia mater Linear elastic 600, 1200, 1800, 2400, 3000 142 Three-node truss hybrid
Platens Linear elastic 17,000,000 350, 256 Eight-node plane-strain

Table 2. Ogden Model Coefficients Corresponding

to Each Tangent Modulus

Etangent (kPa) m1 a1 m2 a2 m3 a3

65 �0.986 �2.832 0.489 �1.246 0.501 �4.525
90 �1.417 �2.840 0.713 �1.266 0.707 �4.516
115 �1.851 �2.862 0.940 �1.294 0.914 �4.529
140 �2.283 �2.854 1.166 �1.290 1.119 �4.513
165 �2.708 �2.860 1.390 �1.297 1.320 �4.518
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10 mm. Membrane elements were used in place of truss ele-
ments to represent the pia mater. Both the grey matter and pia
mater properties were held constant, while only the white
matter properties were altered. Each three-dimensional model
required over 24 CPU hours as compared with less than
1 CPU hour for each plane-stress or plane-strain model.

The observed trends in peak outcomes were the same for
both the plane-stress and plane-strain models (Fig. 5). As in
the plane-strain analysis, principal strains were the least
sensitive to material moduli changes, while principal stresses
were the most sensitive and white matter properties strongly

influenced pressure outcomes in both the grey and the white
matter. Pressure outcomes measured in the white matter
showed little change (5%) while pressure variation in the grey
matter decreased (51%) from the use of a plane-stress as-
sumption when compared with the plane-strain models
(Fig. 5B). As expected, the plane-strain analysis predicted
slightly greater variability in both pressure and principal
stress outcomes (71–178%) than the plane-stress analysis (65–
113%), but the principal strain outcomes were less variable in
the plane-strain models (5–24%) than in the plane-stress
models (21–33%). The distributions of stresses and strains
across the spinal cord section were unaffected by the use of a
plane-stress or plane-strain assumption.

The variability in peak outcomes measured in the three-
dimensional models demonstrated the same trends as those
seen in the two-dimensional models (Fig. 6). The plane-strain
models, however, better matched the variability in pressures
and principal stresses in the three-dimensional model than the
plane-stress assumption. The plane-stress and plane-strain
models straddled the three-dimensional model principal strain
outcomes. Both the plane-stress and plane-strain analyses
accurately captured the three-dimensional model’s stress,
strain, and pressure distributions across the spinal cord.

The comparison of plane-stress, plane-strain, and three-
dimensional model outcomes demonstrates that both two-
dimensional modeling techniques generate the same trends in
material moduli sensitivity, and reflect the trends of a three-
dimensional model without the excessive computational
costs. It is critical to note, however, that all of the results and
outcomes explored here report relative changes in outcomes
due to material sensitivity. At this time there are no experi-
mental measures of tissue level stresses and strains resulting
from spinal cord compression with which to validate the
magnitude of the outcome values predicted by these com-
putational models. The results of this comparison between
plane-stress, plane-strain, and three-dimensional modeling
techniques demonstrates that the use of plane-strain models
to explore spinal cord compression accurately reflects the
sensitivity of spinal cord compression mechanics to variations
in material moduli.

Discussion

Quantifying the variations in spinal cord compression
mechanics with changes in tissue properties provides insight

FIG. 2. The outcome measures observed in the grey and
white matter for the hyperelastic material models. (A) The
average variation in the strain outcome measures in the white
matter and grey matter resulting from simultaneous variation
of all the tangent stiffness properties in the hyperelastic
models. (B) The average variation in stress and pressure out-
comes, measured in the white and grey matter, resulting from
simultaneous variation of all the tangent stiffness properties
in the hyperelastic models. The percent variability in each
outcome measure to changes in each individual material
modulus is reflected by the plot colors. Grey=white interac-
tion is the cross of the grey and white material properties, and
indicates sensitivity to relative material properties. Nonlinear
terms include all additional material interaction terms and
nonlinear material property variables.

‰
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into the potential effects of age and disease on injury sus-
ceptibility. Furthermore, determining the sensitivity of a finite
element model to its material constituents is necessary for
understanding the accuracy required of each material prop-
erty, and for designing models to minimize the sensitivity to

material variations. The results of our study suggest that
pressure measurements in the grey and white matter are
particularly sensitive to white matter properties. Pressure
measurements have been correlated with blood flow in ex-
perimental models of spinal cord compression (Carlson et al.,

FIG. 3. Distribution of outcome measures resulting from different relative material properties. The left column shows
results when grey matter (Etan¼ 65 kPa) was less stiff than the white matter (Etan¼ 165 kPa). The central column shows
outcomes when grey (Etan¼ 115 kPa) and white matter (Etan¼ 115 KPa) properties were equal. The right column is outcomes
when the grey matter (Etan¼ 165 kPa) is stiffer than the white matter (Etan¼ 65 kPa). The grey and white matter material
boundary is outlined in each model. Shear outcomes show little sensitivity to variations in relative properties of the grey and
white matter, while pressure and principal stress and strain patterns vary with changes in grey and white matter properties.
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1997; Carlson et al., 2000). Our results suggest that studies
modeling blood flow in the spinal cord require, as a mini-
mum, accurate white matter properties. Conversely, strain
measures in the white matter have been correlated with
functional losses (Galbraith et al., 1993; Galle et al., 2007). For
the type of compression loading between rigid platens that
was simulated here, our results show that finite element
models using strains as outcome measures are robust to var-
iations in all material properties. Finally, the use of a linear

elastic constitutive model resulted in concentrated areas of
peak strains, which could lead to modeling problems in the
forms of element distortion and convergence failure at large
deformations. These results indicate that linear elastic con-
stitutive models are not well suited for modeling spinal cord
compression mechanics.

The finite element analysis presented here considered a
range of material properties and characterized the sensitiv-
ity of a spinal cord compression model to a wide variety of

FIG. 4. Change in outcome measures resulting from using a linear elastic material model to represent a hyperelastic
response. Negative values indicate that the linear elastic model overestimated the outcome measures, while positive values
indicate an underestimation of the outcome. Each of the outcome measures was observed separately in the grey and white
matter.
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material moduli and different constitutive models. The ge-
ometry of the model precisely replicated the human thoracic
spinal cord with a refined mesh that accurately represented
the morphology of the grey=white matter boundary and pia
membrane. The use of the 95th percentile instead of peak
values in our analysis was conservative but eliminated the
influence of any potential computational artifacts resulting
from the contact between the spinal cord and compression
plate. The analysis was also completed using 100th-percentile
values and confirmed the same trends as those reported here.

The development of any computational model, however, re-
quires that a number of assumptions be made regarding the
geometry, materials, and interactions between components.
The model was a planar representation of a three-dimensional
structure, which eliminated the opportunity to observe axial
strains, but was used because the lower computational costs
enabled a comprehensive parameter study. The plane-strain
assumption was shown to accurately reflect the outcomes of
three-dimensional and plane-stress models (see section on
plane-strain models, above). The use of static compression in
place of a dynamic impact did not affect the overall findings of
this study because we were interested in the peak stresses and
strains resulting from the initial mechanical loading in these
models, not the process of loading, or any possible residual
compression. Using a viscoelastic representation of the spinal
cord would have resulted in variation of the material stiffness
with increased loading rates during the primary impact. The
range of tangent moduli explored in this study (65–165 kPa)
covered a broader spectrum of values than those observed
in spinal cord tissue for loading rates varied over two orders
of magnitude for grey (64–112 kPa) and white (31–65 kPa)
matter (Ichihara et al., 2003). Finally, a paucity of experi-
mental results for compression of the human spinal cord has
made direct validation of this finite element model infeasi-
ble. The overall mechanical response of the composite spinal
cord represented by the effective tangent modulus Eff (160–
349 kPa), however, showed good agreement with published
values of fresh spinal cord tangent moduli (3–298 kPa) from a
variety of studies (Hung and Chang, 1981; Chang et al., 1988;
Sparrey, 2004). The tangent moduli of the cord complex in this
study was less stiff than that reported for human cervical
spinal cord (1.23 MPa) (Bilston and Thibault, 1996). Post-
mortem storage and test methodology could have increased
the specimen stiffness considerably over its in vivo condition
(Gefen and Margulies, 2004).

Quantifying the sensitivity of finite element model out-
comes to assumed material characteristics is important for
understanding the context and general applicability of the
model results. Finite element models are becoming more
common in the study of spinal cord injury (Bilston, 1998;
Scifert et al., 2000; Ichihara et al., 2001; Ichihara et al., 2003;
Greaves et al., 2008); however, few of these models have
considered the sensitivity of the model outcome to variations
in the assumed material characteristics (Bilston, 1998; Ichihara

FIG. 5. The outcome measures observed in the plane-stress
and plane-strain analysis of the two-dimensional hyper-
elastic models. (A) The variation in outcome measures of
principal strain observed in the grey and the white matter
resulting from variations in grey and white matter material
tangent moduli for each of the plane-stress (PS) and plane-
strain (PE) assumptions. (B) The variation in outcome mea-
sures of principal stress and pressure observed in the grey
and the white matter showed plane-strain (PE) analyses to
predict greater variability than plane-stress (PS) analyses.
The percent variability in each outcome measure to changes
in each individual material modulus is reflected by the plot
colors. Grey=white interaction is the cross of the grey and the
white matter properties and indicates sensitivity to relative
material properties. Nonlinear terms include all additional
material interaction terms and nonlinear material property
variables.

‰
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et al., 2001). Bilston (Bilston, 1998) demonstrated variations in
strains of up to 19%, with changes in material stiffness (�80%)
and constitutive model in a finite element model of a homo-
geneous cord undergoing physiological flexion=extension
motions. Our compression model showed similar variations
in peak strain values for changes in material stiffness of� 44%
and variation in material model. In contrast to Bilston’s
findings, we found stresses to be more sensitive to material
tangent modulus than the type of material constitutive model.
This suggests that material tangent modulus is more impor-

tant for models considering large deformation (injuries) than
small deformation (physiologic motion) models. Ichihara
et al. observed the qualitative changes in tissue deformation
resulting from changes in the relative properties of the grey
and the white matter, but did not explore a range of tangent
moduli, constitutive models, or mechanical outcome mea-
sures (Ichihara et al., 2001). Our study is thus the first to
comprehensively explore the effect of material characteristics
of the cord constituents and tissue level mechanical outcomes
in spinal cord compression. Finally, the minimal effect of

FIG. 6. Comparison of plane-stress, plane-strain, and three-dimension model predictions of outcome variability resulting
from changes in white matter material moduli. Plane-strain analyses, in general, better reflect the variability of the three-
dimensional (3D) model.
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variations in pial properties found in our study further sub-
stantiates the limited role of the pia in spinal cord
compression mechanics observed in vitro (Ozawa et al., 2004).
Therefore current published values of pia properties (Aime-
dieu and Grebe, 2004; Jin et al., 2006) are likely sufficient for
use in many modeling efforts.

The effect of variations in spinal cord material properties on
compression injury mechanics also has implications for un-
derstanding clinical spinal cord injuries. This study indicated
that white matter properties had the greatest influence on
pressure within the spinal cord. Since autoimmune diseases
such as multiple sclerosis affect the structure of white matter
tissue (Lovas et al., 2000; Bot et al., 2004), these results suggest
that the mechanics of spinal cord compression in a patient
with multiple sclerosis may result in different patterns of
perfusion within the spinal cord. Additionally, increasing the
moduli of all materials resulted in lower peak strains in the
white matter. Pediatric neurological tissues have been shown
to be more stiff than adult tissues (Prange and Margulies,
2002), and white matter strains have been correlated with
functional damage (Galbraith et al., 1993; Galle et al., 2007).
This suggests that spinal cords in children, because they have
stiffer neurological tissues than adults, may be less susceptible
to injury than those of adults.

Variations in the patterns of distribution of stresses and
strains resulting from changes in material properties suggest
that age and disease may affect the nature of functional def-
icits in addition to the magnitude of injury. The columnar
organization of the spinal cord is such that specific functions
(e.g., motor control, proprioception, and pain) are carried in
particular locations of the spinal cord cross-section. Thus the
pattern of injury determines the extent of functional deficits
resulting from injury. Traumatic spinal cord injury often
shows central cord damage. In this study, pressure, maximum
principal stresses, and maximum principal strains showed a
propensity for the highest values to occur in the central cord.
This agrees well with a recent study showing maximum
principal stress to correlate with injury in the white matter
(Galle et al., 2007). The results of our study suggest that pat-
terns of injury (and resulting deficits) will change with vari-
ations in material characteristics resulting from aging or
disease. This expectation is corroborated by a recent study of
injury patterns in acute spinal cord injury patients, showing
that the presentation of clinical syndromes such as central
cord, anterior cord, and posterior cord syndrome correlated
with patient age (McKinley et al., 2007). Additionally, age was
shown to affect the presentation and long-term recovery from
spinal cord injury for equivalent injury modes (McKinley
et al., 2003). However, the role of spinal cord degeneration in
these outcomes was not isolated from other systemic effects of
age. Our results suggest that changes in material properties
are also likely to contribute to an overall increase in injury risk
with increasing age.

In conclusion, our results demonstrated that tissue level
stresses and pressures resulting from spinal cord compression
were very sensitive to variations in material properties, and
that distribution of elevated stresses and strains across the
spinal cord were determined by both the grey and white
matter moduli. Since material properties of neurological tis-
sue are affected by aging and disease, our results suggest that
the mechanics of spinal cord compression are likely to be
affected by aging and disease. Further study is needed to

understand the biomechanics of spinal cord injury in these
specific populations.
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