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Abstract

Strain magnitude, strain rate, axon location, axon size, and the local tissue stress state have been proposed as the mechanisms

governing primary cellular damage within the spinal cord parenchyma during slow compression injury. However, the mechanism of axon

injury has yet to be fully elucidated. The objective of this study was to correlate cellular damage within the guinea pig spinal cord white

matter, quantified by a horseradish peroxidase (HRP) exclusion test, with tissue-level stresses and strains using a combined experimental

and computational approach. Force–deformation curves were acquired by transversely compressing strips of guinea pig spinal cord

white matter at a quasi-static rate. Hyperelastic material parameters, derived from a Mooney–Rivlin constitutive law, were varied within

a nonlinear, plane strain finite element model of the white matter strips until the computational force–deformation curve converged to

the experimental results. In addition, white matter strips were subjected to nominal compression levels of 25%, 50%, 70%, and 90% to

assess axonal damage by quantifying HRP uptake. HRP uptake density increased with tissue depth and with increased nominal

compression. Using linear and nonlinear regression analyses, the strongest correlations with HRP uptake density were found for groups

of tissue-level stresses and groups of log-transformed tissue-level strains.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Slow compression spinal cord injuries result from
degenerative, infective, or oncologic lesion growths within
the spinal canal; the narrowed spinal canal exerts pressure
throughout the entire spinal cord parenchyma, resulting in
white matter cellular damage. Neurological deficits appear
when the spinal cord cross-sectional area is reduced by
30% and are irreversible when cord area reduction exceeds
65% (Fehlings and Skaf, 1998). White matter cellular
damage has been theorized to be a function of axon cross-
sectional area (Kraus, 1996), tissue strain and strain rate
e front matter r 2007 Elsevier Ltd. All rights reserved.
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(Shi and Whitebone, 2006), or tissue stress state (Hender-
son et al., 2005).
The objectives of this study were first, to characterize the

mechanical response of spinal cord white matter with
hyperelastic material parameters and second, to quantita-
tively establish a link between tissue-level stresses and
strains invoked during slow compression and white matter
cellular injury.
2. Methods

2.1. Tissue acquisition

The dissection procedure used to excise guinea pig spinal cords has

been described previously and was approved by the Purdue University

Animal Care and Use Committee (Shi and Blight, 1996; Shi and Pryor,

2002; Shi and Whitebone, 2006). Adult guinea pigs were used in this study
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(body weight: 255–350 g). Following animal sacrifice, spinal cords were

removed and dissected to isolate strips of white matter.

2.2. Transverse compression of white matter strips

Tissue specimens (n ¼ 7), at room temperature, were deformed at

0.05mm/s to 90% nominal transverse compression. Compression followed

five preconditioning cycles to 3% nominal compression and a subsequent

30 s dwell interval. A high-resolution electromechanical linear actuator

(model LTA-HS, Newport Corporation, Irvine, CA) applied the tissue

deformation and was controlled by a single-axis controller (model ESP

100, Newport Corporation) interfaced with LabView. Force feedback was

measured by a 1000 g load cell (model 31, Sensotec, Columbus, OH)

throughout the loading protocol (sampling rate: 16Hz). Digital photo-

graphs were taken throughout compression to monitor tissue deformation.

2.3. Quantification of axonal damage

The horseradish peroxidase (HRP) exclusion test used to quantify

axonal damage has been described previously (Shi, 2004; Shi and Borgens,

2000; Shi and Pryor, 2002; Shi and Whitebone, 2006). Permeabilized axons

within each of three tissue regions (Fig. 2) were counted and normalized

by the cross-sectional area of the region to obtain HRP uptake density.

The medial, intermediate, and lateral (M, I, and L) tissue regions were

located directly beneath the tissue indenter, consistent with previous work

(Shi and Borgens, 2000). HRP uptake density was quantified at each of

four levels of nominal compression: 25% (n ¼ 5), 50% (n ¼ 5), 70%

(n ¼ 6), and 90% (n ¼ 5).

2.4. Guinea pig white matter FEM

A two-dimensional, hyperelastic, finite deformation, plane strain FEM

of the guinea pig white matter was developed to mimic the experimental

protocol (software: COMSOL 3.2 with MATLAB). The hyperelastic

constitutive relation used to describe the tissue response was derived from

the Mooney–Rivlin strain energy function, W:

W ¼ C10ðI1 � 3Þ þ C01ðI2 � 3Þ, (1)

where C10 and C01 are material parameters and I1 and I2 are invariants of

the right Cauchy–Green deformation tensor.

Using a parametric, nonlinear analysis, the white matter FEM was

deformed in increments of 5% nominal compression. The penalty-barrier

method was used to model in vitro contact between the tissue and the

impinging indenter. The contact force exponentially increased as the

distance between the tissue and the indenter decreased. The contact force

was integrated at each deformation step to obtain the total applied force,

thereby generating force–deformation curves.

An iteration scheme, utilizing the MATLAB function fminsearch,

varied material parameters C10 and C01 until the computational

force–deformation response converged to each of the seven experimental

force–deformation curves (Fig. 2). Goodness of fit was quantified by the

RMS error between computational and experimental curves. Principal,

normal, and shear stresses and strains, von Mises stresses, and strain

energy densities were averaged within each region of the tissue for each of

the seven computational models.

2.5. Statistical analysis

HRP uptake densities for nominal transverse tissue compression levels

of 25%, 50%, 70%, and 90% were compared using an analysis of variance

(ANOVA) with a Student–Newman–Keuls post hoc test (Glantz, 2002).

HRP uptake densities were then correlated with the average stress and

strain measures within each region of the computational model using

single and multiple regression analyses for nominal transverse tissue

compression levels of 25%, 50%, and 70%. To investigate the possibility

of a nonlinear relationship between strain and HRP uptake density, we
assumed a relationship of the form (Barenblatt, 1996):

Pa1
1 Pa2

2 . . .PaN
N ¼ AFb, (2)

where the Pi terms were principal and normal strains and F was the HRP

uptake density divided by the HRP uptake density for a transected spinal

cord, 4300 axons/mm2 (Shi and Borgens, 2000). Linear regression analyses

were performed on the log-transformed equations:

a1 lnP1 þ a2 lnP2 þ � � � þ aN lnPN ¼ lnAþ b lnF. (3)

A significance level of po0.05 was enforced for all analyses (software:

StatView).

3. Results

White matter strip cross-sectional area decreased linearly
with increased nominal transverse compression (Fig. 1).
The force–deformation responses of the white matter strips
(Fig. 2) included an initial toe region where there was no
measurable resistance to the applied deformation. Follow-
ing the toe region, the tissue resistance to additional
deformation rapidly increased. The average force magni-
tude required to achieve 90% nominal transverse compres-
sion was 0.246N (standard deviation: 0.145N).
HRP uptake density increased with tissue depth and with

increased compression (Table 1). For control specimens
(n ¼ 6), average HRP uptake density was 7.50 axons/mm2

(standard deviation: 5.01). All groups statistically differed
from the control, with the exception of 25% nominal
transverse compression of the intermediate region.
FEMs generated for each experimental force–deforma-

tion curve converged to an average of 84.9% nominal
transverse compression (standard deviation: 2.58%). The
average RMS value of the absolute value of the error
between experimental and computational force–deforma-
tion curves was 0.0122N (range: 0.0065–0.0166N, stan-
dard deviation: 0.0034N). Model parameters C10 and C01

were found to be 5927323 and 249745.1 Pa, respectively
(means7standard deviations).
Single regression analyses demonstrated that HRP

uptake density significantly correlated with strain energy
density (Table 1). Multiple regression analyses yielded
significant correlations between HRP uptake density and
groups of stresses. The combination of normal stresses sx,
sy, and sz and shear stress txy yielded the strongest linear
correlation with HRP uptake density. Log-transformed
strains were significantly correlated with percent HRP
uptake density (Table 2); the strongest correlation was
observed for the combination of ex, ey, and exy in-plane
strains (Table 3).

4. Discussion

This study is the first to report material parameters of
the spinal cord parenchyma in transverse compression. The
nonlinear force–deformation response obtained experimen-
tally for the inhomogeneous guinea pig spinal cord white
matter strips necessitated the use of a hyperelastic
constitutive relation to model the tissue’s elastic response.
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Fig. 1. Tissue cross-sectional area as a function of nominal deformation. The cross-sectional area of the white matter strips (n ¼ 5) decreased with

increased compression as quantified by digital photographs taken during compression. Photographs are shown for 0%, 15%, 47%, 67%, and 80%

nominal transverse compression. Clinically, neurological deficits are irreversible when spinal cord cross-sectional area is reduced by 65% (dashed line).

Fig. 2. Typical experimental (exp) and computational (FEM) force–deformation responses. The FEM geometry was derived from photographs taken

during testing (Fig. 1). The finite element model consisted of 401 triangular elements. M, I, and L labels correspond to the medial, intermediate, and lateral

regions sampled using the HRP exclusion test. The computational force–deformation response and deformed geometries were generated using material

parameters C10 ¼ 540Pa and C01 ¼ 240Pa. The RMS error between experimental and computational curves for this typical case was 0.0091N. Deformed

finite element model geometries are shown for levels of 0%, 20%, 40%, 60%, and 80% nominal compression.
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Bilston and Thibault (1996) fit the stress–strain response
obtained for uniaxial tensile tests of human cervical spinal
cords to a hyperelastic model formulated from an Ogden
strain energy function, while previous efforts to computa-
tionally model the elastic response of the spinal cord
parenchyma have assumed a state of linear elasticity
(Ichihara et al., 2001, 2003; Ozawa et al., 2001). In vitro

uniaxial tensile tests have been performed on spinal cord
tissue and the tissue response described using linear elastic
theory (Bilston and Thibault, 1996; Fiford and Bilston,
2005; Ichihara et al., 2001, 2003). However, linear elastic
theory can only be applied to special cases of elasticity:
infinitesimal, reversible, rate-independent deformations
that result in a linear force response (Lai et al., 1993).
White matter cellular damage was quantified using an

HRP exclusion test. HRP labeling is a well-established
technique to visualize membrane tears or disruptions and
has been widely used to denote neuronal membrane
disruption or poration in the spinal cord and brain trauma.
Moreover, HRP labeling has been found to correlate well
with axonal functional recovery, such as membrane
potential repolarization (Pettus et al., 1994; Shi et al.,
2000; Shi and Borgens, 2000; Shi et al., 2002; Shi and
Pryor, 2002; Shi, 2004; Shi and Whitebone, 2006). In this
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Table 1

The trend of HRP uptake density increased with increased nominal

compression and with increased tissue depth

Nominal

compression

(%)

White matter region

Medial Intermediate Lateral

25 1087121c,d,e 25.2724.3d,e 36.0729.5d,e

50 6317198a,b,c 1297116a,f,g 67.4758.0b,f,g

70 15607782a,b,d 5647318a,d,f 2837124b,d,f

90 222071810e 184071650e,g 13407960e,g

aSignificant difference between medial and intermediate regions (po0.05).
bSignificant difference between medial and lateral regions (po0.05).
cSignificant difference between 25% and 50% nominal compression

(po0.05).
dSignificant difference between 25% and 70% nominal compression

(po0.05).
eSignificant difference between 25% and 90% nominal compression

(po0.05).
fSignificant difference between 50% and 70% nominal compression

(po0.05).
gSignificant difference between 50% and 90% nominal compression

(po0.05).

Table 2

Correlations with HRP uptake density obtained using single and multiple

regression analyses

Independent

variable(s)

R2 Independent

variable(s)

R2

sx, sy, sz, txy
a 0.945 s3 0.436

sx, sy, txy
a 0.934 von Mises stress 0.434

sx, sy, tz
a 0.904 ey, exy 0.428

sx, sy
a 0893 ey 0.422

sy, sz, txy
a 0.813 e3 0.421

s1, s2, s3
a 0.781 s1, s2 0.413

s2, s3
a 0772 ex, exy 0.329

sy, txy
a 0.635 exy 0.328

sx, sz, txy 0.623 sz, txy 0.254

e1, e2, e3 0.593 s1 0.223

e2, e3 0572 sx, txy 0.168

ex, ey, exy 0.505 txy 0.168

Strain energy

densitya
0.495 sx 0.088

ex, ey 0.486 sz 0.075

s1, s3 0.461 e1, e2 0.056

e1, e3 0.455 s2 0.021

sx, ez 0.441 e1 0.017

sy, sz 0.436 ex 0.005

sy 0.436 e2 0.005

aRegression is statistically significant (po0.05).

Table 3

Correlations with log-transformed percent HRP uptake density obtained

using single and multiple regression analyses

Independent variable(s) R2

ln(ex), ln(ey), ln(exy)
a 0.917

ln(e1), ln(e2), ln(e3)
a 0.916

ln(ex), ln(ey)
a 0.913

ln(e1), ln(e3)
a 0.909

ln(e2), ln(e3)
a 0.847

ln(ey), ln(exy)
a 0.785

ln(e3)
a 0.731

ln(ey)
a 0.731

ln(ex), ln(exy) 0.574

ln(exy)
a 0.562

ln(e1), ln(e2) 0.324

ln(e2) 0.081

ln(e1) 0.035

ln(ex) 0.000

aRegression is statistically significant (po0.05).
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study, HRP uptake was minimal for the control (normal,
uninjured spinal cord axons). Following mechanical insult,
HRP uptake increased significantly, indicating increased
neuronal membrane permeability and, therefore, white
matter cellular damage.

Stress fields induced by transverse compression have
been described qualitatively by Blight (1988) and by
Panjabi and White (1988). This study is the first to quantify
stress levels within the spinal cord parenchyma and the first
to establish a statistical correlation between spinal cord
white matter cellular damage and tissue-level stress.
Moreover, a nonlinear relationship was established be-
tween white matter cellular damage and tissue-level strain.
Based on the data presented, we conclude that white matter
cellular damage is the consequence of an amalgamation of
tissue-level stresses and strains rather than any single
component of stress or strain. This phenomenon is
consistent with the von Mises stress criterion, an estab-
lished method used to predict failure in ductile materials.
Future work is required to elucidate the specific relation-

ship between tissue-level stresses and strains and cellular-
level injury mechanisms. A more thorough understanding
of spinal cord injury mechanisms, including the advances in
computational modeling presented in this study, will
enhance the development of effective therapeutic strategies.
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