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Mechanical Properties of Dura Mater
from the Rat Brain and Spinal Cord

The dura mater is the outermost and most substantial meningial layer of central nervous system
(CNS) tissue that acts as a protective membrane for the brain and spinal cord. In animal models of
traumatic brain injury and spinal cord injury, mechanical insults are often delivered directly to the
dura to injure the underlying tissue. As such, including a description of the mechanical properties
of dura mater is critical for biomechanical analyses of these models. We have characterized the me-
chanical response of dura mater from the rat brain and spinal cord in uniaxial tension. Testing was
performed at low (0.0014 see-I) and high (19.42 see-I) strain rates. Both rat cranial dura and spinal
dura demonstrated non-linear stress-strain responses characteristic of collagenous soft tissues. The
non-linear increase in stress lagged in the spinal dura compared to the cranial dura. The slow rate
data was fit to a one-term Ogden hyperelastic constitutive law, and significant differences were ob-
served for the stiffness, G, and the parameter, a, which nominally introduces non-linearity. High
strain rate stress-relaxation tests were performed to 10% strain, which was held for 10 sec. The re-
laxation was fit to a four-term Prony series exponential decay. Cranial dura and spinal dura demon-
strated similar overall relaxation, but significant differences were identified in the distribution of
the relaxation over the Prony series parameters, which demonstrated that cranial dura tended to
relax faster. Polarized light microscopy revealed that the structural entities of spinal dura were
aligned in the axial direction, whereas cranial dura did not demonstrate a preferential alignment.
This was confirmed qualitatively with Masson's Tri-chrome and Verhoeff's Van Gieson staining for
collagen and elastin, which also indicated greater elastin content for the spinal dura than for the
cranial dura.

Key words: constitutive modeling; injury biomechanics; spinal cord injury; tissue mechanics; traumatic
brain injury; viscoelasticity

et aI., 1993). The dura is composed primarily of collagen
fibers interspersed with fibroblasts and elastin, and is gen-
erally flexible and elastic when stretched and deformed
(Vandenabeele et aI., 1996). The microstructural charac-
teristics of dura mater fibers can vary with anatomy. For
instance, human lumbar dura fibers tend to be structurally
aligned in the longitudinal direction, thereby providing
mechanical anisotropic properties, whereas human cra-

THE DURA MATER is the outermost and most substan-
tial meningiallayer of central nervous system (CNS)

tissue that acts as a protective membrane for the brain
and spinal cord (Weed, 1938). In vivo, dura mater is sub-
jected to stresses from stretching during movement and
from cerebrospinal fluid (CSF) pressure changes (Patin



nial dura fibers tend to lack directional orientation and
lead to isotropic mechanical properties (McGarvey et aI.,
1984; Patin et aI., 1993; Runza et aI., 1999). Uniaxial ten-
sion experiments on human spinal dura mater (-100
MPa) (Patin et aI., 1993; Runza et aI., 1999) and bovine
spinal dura mater (-60 MPa) (Runza et aI., 1999) demon-
strate that these tissues are considerably stiffer than the
spinal cords they surround (elastic modulus of -1 MPa
for human and bovine spinal cord in tension and com-
pression) (Bilston and Thibault, 1996; Ichihara et aI.,
2001). Similarly, human cranial dura mater (elastic mod-
ulus in tension, -60 MPa) (McGarvey et aI., 1984) is
much stiffer than human brain tissue « 1 KPa) (Prange
and Margulies, 2002). These large differences underlay
the functions of the dura, especially in protection of cen-
tral nervous system tissue, as well as allowing for pres-
sure variations and movement (van Noort et aI., 1981).

Both spinal cord injury (SCI) and traumatic brain in-
jury (TBI) are prevalent and costly problems in the United
States (Kraus and McArthur, 1996; Berkowitz, 1998),
and understanding the physical and functional responses
of the spinal cord and brain structures to trauma is nec-
essary to design rational means and methods of injury
prevention, as well as to develop effective treatments.
Animal models continue to be the gold standard for iden-
tifying the physiological and functional consequences of
TBI and SCI, and by far, rat and mouse models are most
often employed (Stokes and Jakeman, 2002; Young,
2002; Guertin, 2005). Many of these models-such as
fluid percussion, weight drop, and electromagnetic or
pneumatic impactors (Dixon et aI., 1987; Stokes et aI.,
1992; Meaney et aI., 1994; Ueno et aI., 1995; Young,
2002)--deliver the mechanical insult across the intact
dura mater. Thus, to evaluate the tissue biomechanics as-
sociated with these models, particularly with computa-
tional simulations, the contribution of the dura mater to
the overall mechanical response must be included. Inter-
estingly, although rats are by far the most commonly used
experimental animal to study TBI and SCI, only a few
investigations have been presented for the material prop-
erties of rat central nervous system tissue of any kind
(Gefen et aI., 2003; Fiford and Bilston, 2005). While there
have been investigations into the human, bovine, and ca-
nine dura, to our knowledge, there are no published re-
ports of rat dura properties, and identifying these prop-
erties is an important component in accurately modeling
injury biomechanics in these and similar commonly em-
ployed models.

The present study was aimed primarily at identifying
the mechanical properties of rat dura mater from the brain
and spinal cord at low and high strain rates. Dura from
both regions was found to follow hyperelastic and vis-
coelastic behavior. Cranial dura demonstrated more acute

non-linear stiffening. Polarized light microscopy and his-
tology suggest that the differences in constitutive behav-
ior are linked to the structural organization and compo-
sition of the tissues.

Sample Preparation
Adult Long-Evans hooded rats (77 ::!:: 5 days old; Si-

monsen Labs, Gilroy, CA) were euthanized with a lethal
dose of sodium pentabarbitol (65 mg/kg), and the spinal
columns were immediately removed. The laminae were
removed from the first cervical vertebra (C 1) to the first
lumbar vertebrae (Ll). The dura was then marked into
three 30-mm segments with a permanent marker to des-
ignate original in situ length. Within each 30-mm sec-
tion, the central 12 mm was also marked (Fig. 1A). The
dura was carefully removed from the dorsal surface of
the spinal cord and placed in fresh phosphate-buffered
saline (PBS; 200 mglL potassium chloride, 200 mgIL
potassium phosphate monobasic, 8000 mglL sodium
chloride, 1150 mgIL sodium phosphate dibasic; M.P.
Biomedicals, Solon, OH). Dura samples were cut into
strips of 30 mm based on the in situ markings and kept
hydrated in fresh PBS. Typically, three samples were har-
vested per cord, unless damage was noted upon visual
inspection. Length and width measurements were taken
at the central 12 mm with digital calipers. The dura sam-
ples were then transported to the mechanical testing de-
vice. The ends of each sample were removed, and thick-
ness of these samples was measured optically with a
calibrated, motorized microscope stage (Prior Scientific,
Inc., Rockland, MD) by focusing on the bottom surface of
the sample, recording the stage position in microns, and
then focusing on the top surface of the sample and again
recording stage position in microns. Spinal dura samples
were -80 mm thick and -1-1.5 mm in width. The aver-
age cross-sectional area was 0.138 ::!:: 0.025 mm2.

Dura from the rat brain was harvested from Long-Evans
hooded rats (77 ::!:: 5 days). Animals were euthanized as
described above and decapitated. The skull was removed
to expose the dura. The dura mater covering the brain was
demarcated in situ into 4 mm segments with an indelible
marker (Fig. IE). The dura was then removed and placed
in PBS prior to testing. Typically, four samples were har-
vested per animal. Length and width measurements were
taken at the central 8 mm with calipers. The dura samples
were then transported to the mechanical testing device.
Parts of the dura not used for mechanical testing were re-
moved for thickness measurements. Cranial dura samples
were -80 mm thick and -1.5-2.5 mm in width. The av-
erage cross-sectional area was 0.187 ::!:: 0.032 mm2. All
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FIG. 1. Description of samples and testing setup. (A) For
spinal samples, the dura was marked in vivo into 30-mm seg-
ments, and the central 12 mm of each 30-mm segmented was
also marked. The remaining areas (gray) were used for grip-
ping, and the hashed areas were used for thickness measure-
ments. (B) For cranial dura, 8-mm-long samples were similarly
marked. (C) The dura samples were secured by gluing the ends
of the sample to plastic plates attached to either the load cell
or the actuator. Small pieces of reflective plastic (glitter) were
used to track tissue displacement. (D) A sample in the setup.

experimental procedures involving animals were ap-
proved by the Rutgers University Animal Care and Fa-
cilities Committee (IACUC 02-015).

Mechanical Testing
Spinal and cranial dura samples were tested in uniax-

ial tension using a BoselEnduratec ELF 3200 (Bose Cor-

poration, Eden Prairie, MN) with a I-N cantilever load
cell (Measurement Specialties, Hampton, VA). Separate,
thin plastic plates were secured to the actuator (via com-
pression grips) and to the load cell (via a rigid bolt),
which was calibrated with the plate in place. The two
plastic plates were then positioned to be 10 mm apart.
The ends of the dura sample were placed on the plastic
plate and covered with a cyanoacrylate adhesive (Krazy
Glue, Columbus, OH), and two additional, separate plas-
tic plates were placed on top of the dura on each grip,
sandwiching each end of the dura between the plastic
plates and creating plastic-plastic as well as dura-plastic
adhesion to prevent any slipping of the dura relative to
the plastic plate. Small pieces of reflective plastic (glit-
ter) were placed on each dura sample to measure strain
uniformity. A schematic of the setup and an image of a
loaded sample are provided in Figure lC,D. During the
entire process, the dura samples were kept well hydrated
by an ultrasonic humidifier (Wachsmuth & Krogmann,
Elk Grove Village, IL) positioned under the sample. Once
engaged in the grips, the samples were slowly stretched
back to the original in vivo length of 12 mm for the spinal
dura or 8 mm for the cranial dura and allowed to equili-
brate for several minutes. All mechanical tests were done
within 2 h of sacrifice to reduce tissue breakdown, since
it was previously reported that post-mortem time can sig-
nificantly affect the mechanical properties of biological
tissues (Galford and McElhaney, 1970; Bilston and
Thibault, 1996).

Samples of cranial and spinal dura mater were tested
in uniaxial tension at one of two rates. Some samples
(n = 8 for spinal dura, n = 8 for cranial dura) were sub-
jected to rapid extension to 10% stretch at a strain rate
of 19.4 sec-1 and held for 10 sec. Although the total time
to reach peak displacement was ~9-1O msec, the linear
portion accounted for ~959'0 of the curve, with the re-
maining contributions from the brief period of time re-
quired to ramp the actuator up to speed or back to zero
velocity, and the strain rate was estimated from the slope
of the curve. The remaining samples (n = 15 for spinal
dura, n = 8 for cranial dura) were loaded at a strain rate
of 0.0014 sec-I until failure: For these tests, dura sam-
ples were preconditioned at a strain rate of 0.0014 sec-1
to 10% strain. It was determined that four precondition-
ing cycles were necessary before stress-strain equilibrium
was reached for spinal and cranial dura samples, after
which these samples were.uniaxially loaded until failure.
(The high strain rates and relatively large extension pre-
cluded cyclic preconditioning of the samples for high
strain rate tests.) Load and displacement were recorded
for the duration of the test. Images were documented
every 2 mm of displacement using a digital camera
(Nikon Coolpix S500, Melville, NY) to assess the uni-



formity of strain from the glitter using image analysis
(Microsuite Analysis Software, Olympic Scientific, Mell-
ville, NY). Specifically, the strain in the dura was com-
pared among pairs of markers, using the ends of the grips
as additional points, by determining stretch ratio in each
section and normalizing by the overall stretch ratio.

Constitutive Modeling of the Rat Dura
The dura mater was modeled as a hyperelastic-linearly

viscoelastic continuum solid. At very fast rates (i.e., in-
stantaneous) and very slow rates (i.e., quasistatic), the
model assumes hyperelastic behavior. An Ogden form of
the hyperelastic strain energy potential function, W,
which has previously been used to model both spinal cord
and brain tissue (Bilston and Thibault, 1996; Miller and
Chinzei, 2002), was used to model the elastic behavior
of the dura:

where Ai are the principal stretches, N is the complexity
of the law, which is material dependent, and Gi and (Xi

are material-dependent parameters. For simple, uniaxial
tension, assuming incompressibility, the relationship be-
tween nominal stress and stretch ratio for an Ogden ma-
terial is:

Volumetric changes due to thermal expansion are ig-
nored. The instantaneous shear modulus is therefore
given by:

M

Go = I Gi
i I

Based on the results, a one term Ogden function (M =
I) was used.

The viscoelastic portion of the material laws was de-
scribed with a Prony series exponential decay:

GR(t) = GO[I - k~1 gk (1 - e-tITk
)] (4)

where the instantaneous shear modulus is multiplied by
a normalized function that includes relative relaxations,
gk> at characteristic time constants, Tk. The quasi-static
shear modulus can then be related to the instantaneous
modulus by:

G"" = GO(l - £ gk)
k=l

The slow rate response of the dura was fit with the Og-
den hyperelastic representation of the quasi-static shear
moduli based on Eq. 2 (Kaleidagraph, Synergy Software,

Reading, PA). Viscoelastic time constants were deter-
mined by normalizing the relaxation portion of the stress
vs. time curves of the high rate tests and fitting the curves
to the bracketed term of Eq. 4 (Bilston and Thibault,
1996; Miller and Chinzei, 2002; Prange and Margulies,
2002) (SPSS 15.0, Chicago, IL), and the two are com-
bined to identify the instantaneous shear moduli via Eq.
5. Based on the results, a 4-term Prony series was used
(N = 4).

Statistical Analysis
Descriptive statistics were taken for all experimental

results of the stress relaxation data, as well as the stress-
strain data. Ogden and Prony Series parameters, as well
as failure properties, were compared statistically between
the cranial and spinal dura mater with one-way analysis
of variance (ANOVA; P < 0.05).

(1) Polarized Light Microscopy
Alignment of fibers in the dura mater was initially as-

sessed qualitatively with polarized light microscopy.
Long-Evans hooded rats (77 days old) were euthanized
with a lethal dose of sodium pentobarbital (65 mg/kg),
exsanguinated with 200 mL of heparinized saline, and
perfused transcardially with 10% formalin. The spinal
and cranial dura were removed and stored in 10% for-
malin for 2 h. Dura samples' were then mounted on
charged glass slides (Superfrost Plus, Fisher Scientific,
Pittsburgh, PA) and placed on the microscope stage be-
tween a linear polarizer and a linear analyzer oriented as
'cross-polars' with axes of polarization 90° apart. The
dura samples were rotated between 0° and 180°. Sepa-
rate mosaic images for the cranial and spinal dura were
generated via a Hamamatsu ORCA CCD camera (Bridge-
water, NJ) using computer controlled microscopy (Olym-
pus IX81; Olympus America, Center Valley, PA) to as-
sess anisotropy in the tissue fibers.

Dura structure and composition were visualized with
Masson's Tri-chrome for collagen or Verhoeffs Van
Gieson stain for collagen and elastic tissue. Dura sam-
ples were harvested from transcardially perfused animals
as described above and stored in 10% formalin for 2 h.
Samples were then placed in 20% sucrose solution
overnight for cryoprotection. Dura samples were sec-
tioned horizontally into 20 J1.m sections with a cryo-
stat (ThermoShandon, Pittsburgh, PA). Sections were
mounted on charged glass slides (Superfrost Plus, Fisher,
Pittsburgh, PA) and stained for elastin, collagen, and cell
nuclei using Sigma Accustain Elastic Stain kit or Tri-
Chrome kit (Sigma Aldrich, St. Louis, MO) in accordance



with the manufacturer's specifications. Samples were
coverslipped using DPX histology mounting medium
(Sigma), and brightfield images were captured with an
upright microscope (Carl Zeiss Microimaging, Inc.,
Thornwood, NY).

Low Strain Rate Stress-Strain Response
Both cranial and spinal dura mater demonstrated non-

linear stress-strain behavior typical of collagenous soft
tissues when tested to failure in uniaxial tension at slow
rates (0.0014 see-I). In general, both tissue types gener-
ated peak forces between 0.15 and 0.6 N, though the re-
sponse of spinal dura was more variable than cranial dura,
especially during the elastic portion of the curve, where
the onset of the non-linear portion shifted considerably.
Consistent behavior was not observed past the perceived
yield point for either cranial or spinal dura, which was
estimated by fitting a line to the linear portion of the up-
swing of the stress-stretch curve, and identifying where
the response deviated from this line via either a drop in
stress or a gradual decrease in the slope. Some samples
failed completely soon after yielding, some continued to
carry increasing load, albeit at lower apparent stiffness
than during the elastic portion, and some demonstrated
multiple drops and recoveries in the stress-stretch re-
sponse. We note that the samples did not yield in the tra-
ditional sense of the onset of plastic deformation, but
rather likely demonstrated failure of individual matrix
fibers and a subsequent redistribution of load to the re-
maining fibers. Digital image analysis (Microsuite
Analysis Software) was used to assess the uniformity of
strain in the dura during uniaxial tensile testing. The
stretch ratio in the dura was compared among three pairs
of markers, using the grips as additional points. No sig-
nificant differences were detected for the stretch from the
left grip to the first marker, the first to the second marker,
or the second marker to right grip within the elastic re-
gion. During this time, the normalized stretch (stretch in
a section divided by overall stretch) showed no discern-
able pattern and ranged from 0.99 to 1.01.

For each curve, the elastic portion was identified by
fitting the linear portion of the stress-stretch curve and
determining where the curve began to deviate from this
line (Fig. 2). The average yield stress and stretch at yield
(:±:SD) was lower for cranial dura (1.27 :±: 0.66 MPa at
A = 1.13 :±: 0.01) than spinal dura (2.14 :±: 1.56 MPa at
A = 1.24 :±: 0.16), but neither difference was significant
(p = 0.148 andp = 0.085, respectively). The average ul-
timate tensile stress for spinal dura mater was 2.91 :±:
1.30 MPa at an average stretch ratio of 1.43 :±: 0.183, and
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FIG. 2. Representative stress-stretch curves for cranial (A) and
spinal dura (B). Dura samples were loaded in uniaxial tension
at 0.014 sec-1 until failure. Both spinal and cranial samples
demonstrated non-linear stiffening consistent with load-bearing
soft tissues. The behavior following yielding/microfracture was
highly variable. The "yield stress" (o-y) was identified as the
point where the stress-stretch response began to deviate from
the linear portion of the response. The ultimate tensile stress
(o-UTS) was identified as the maximum tension achieved in an
experiment. The stretch at yield stress (Ay) and at ultimate ten-
sile stress (>"UTS) were identified accordingly. In general, cra-
nial samples demonstrated more acute non-linear stiffening at
lower stretch ratios than spinal cord samples.



Spinal dura,
Average value ~SD

0.012*
0.002*

1.20 ~ 0.79
16.2 ~ 9.74

0.98
2.14 ~ 1.56
1.24~0.16
2.91 ~ 1.30
1.43 ~ 0.183

IX

R2 for Ogden Fit
Yield Stress (MPa)
Stretch at Yield
Ultimate Tensile Strength (MPa)
Stretch at UTS

Cranial dura,
Average value ~SD

0.42~0.19
32.9 ~ 6.65

0.98
1.27 ~ 0.66
1.13 ~ 0.01
2.49 ~ 2.03
1.39 ~ 0.133

0.148
0.085
0.55
0.53

the average ultimate tensile stress for cranial dura mater
was 2.49 ± 2.03 MPa at an average stretch ratio of
1.39 ± 0.133, which were also not significantly different
(p = 0.55 and p = 0.57, respectively).

The elastic portion of each stress-stretch ratio curve
was fit to a one-term Ogden hyperelastic constitutive
model (Eq. 2 with M = 1), which sufficiently captured
the stress-strain behavior, to identify the material param-
eters for the spinal and cranial dura (Table 1). The stiff-
ness, G of spinal dura was significantly greater than cra-
nial dura (p = 0.012), whereas a, which generally
introduces the non-linearity into the constitutive law, was
significantly greater for cranial dura (p = 0.0002). The
average Ogden formulations for cranial and spinal dura
are plotted in Figure 3.

Stress-Relaxation Response
of the Rat Spinal Dura

The viscoelastic response of the dura was assessed via
stress relaxation by loading samples to 10% stretch at a
strain rate of 19.4 sec - J and holding at that stretch for
10 sec, during which time both cranial and spinal dura
mater exhibited significant relaxation (spinal dura -64%;
cranial dura -69%). A representative plot of the first 50
msec of programmed displacement, actual displacement,
and measured force is shown in Figure 4. The mean stress
relaxation responses for the rat spinal and cranial dura
over the entire loading history are shown in Figure 5. To
identify time constants from the stress-relaxation data
that are appropriate for biomechanics studies at different
time scales, the decay function was fit with a four-term
Prony series decay function, which captured the early
time constants necessary for modeling traumatic loading
conditions, while still preserving the full decay time his-
tory without the cost of the accuracy of the shorter time
constants (Table 2). The individual constants from the

Prony series from cranial and spinal dura mater were
compared with one-way ANOV A, and the results indi-
cated that the dura from the brain relaxes more quickly
than that from the spinal cord. The first two time con-
stants-'Tj and 'T2-were significantly different between
the spinal and cranial dura (p < 0.007), while the last two
time constants-'T3 and 'T4-were not significantly dif-
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FIG. 3. Ogden hyperelastic material laws derived from aver-
age properties (~ standard error) for spinal and cranial dura.
The yield point from each stress-stretch curve was identified by
a deviation from the linear portion of the curve. The "elastic"
portion of each curve was fit to a one-term Ogden hyperelastic
model to determine the stiffness parameter, G, and the expo-
nent IX, from Eq. I, and the average of these parameters was
used for the material model. Cranial dura demonstrates a lower
stiffness at low stretch levels, but increases non-linearly at a
greater rate than spinal dura.
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FIG. 4. Representativeplot of the loading portion and first
50 msec of relaxation during viscoelastic testing. To achieve
the rapid actuator displacement (triangles), the testing device
was prescribed an even faster ramp (squares). The strain rate
wasestimatedfrom the linearportionof the displacementramp,
which accounted for -95% of the applied displacement.The
force peak leads the displacement peak, and then relaxes sig-
nificantlyduring the first 50 msec.

ferent (p > 0.1). All four relative stress relaxation con-
stants-g], gz, g3, and g4-were significantly different
between the spinal and cranial dura (p < 0.002). How-
ever, the net relaxation (sum grg4) was not significant
(p = 0.102).

Polarized Light Microscopy
and Elastic Stain Histology

Whole rat spinal and cranial dura samples were inter-
rogated with polarized light to visualize anisotropy in the
fibrillar matrix. Spinal dura samples demonstrated sub-
stantial alignment; when samples were placed coincident
with the axis of polarization, nearly all light was extin-
guished (Fig. 6A). However, when the sample was ori-
ented at -450 between polarizer and analyzer, the in-
tensity increased significantly (Fig. 6B), indicating
alignment in the axial direction (though alignment in the
transverse direction is also possible). Unlike spinal dura
samples, dura mater from the rat brain exhibited minimal
alignment. Under cross-polars, intensity was moderate
when samples were placed coincident with the axis of
polarization (Fig. 6C). The pattern of intensity when the
sample was rotated to -450 changed, but the overall in-
tensity remained approximately the same (Fig. 6D). The
average pixel intensity (on a scale of 0-255) of the im-
ages in Figure 6 was calculated with Olympus Microsuite

Image Analysis Software. The average intensity rose
from 24.6 to 84.8 when the spinal sample was rotated
off-axis, whereas the average intensity of the cranial sam-
ple rose minimally from 44.3 to 50.4.

Histology

Verhoeff's Van Gieson Staining for collagen and
elastin confirmed that the prevailing orientation of spinal
dura was axial. The spinal dura in Figure 7A shows a
prevalence of cell nuclei that are preferentially aligned
along the collagen and elastin. Collagen in this section is
organized in large bundles. Figure 7B reveals a consid-
erable amount of elastin as well as collagen in the axi-
ally oriented matrix. Cranial dura samples stained with
Verhoeff's Van Gieson stain showed random orientation
of collagen fibers and fewer elastic fibers (Fig. 7C). Tri-
chrome staining of collagen revealed an interwoven
meshwork of fibers in cranial dura (Fig. 7D).

The primary purpose of this work was to describe the
material properties of dura mater harvested from the rat
brain and spinal cord. Rat models of TBI and SCI have
been invaluable in identifying the pathological sequelae
following trauma and in evaluating therapeutic means of
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FIG. 5. Meanrelaxationresponse(± standarderror) of spinal
and cranial dura. Dura sampleswere loaded to 10% stretch at
a rate of 19.4sec-I and held at that stretch for 10sec. The re-
sultant stress was normalizedby peak stress and fit to a four-
term Prony series exponential decay, which is summarized in
Table 2.



Average value (SD)

Constant Spinal dura Cranial dura p-value

gl 0.329 0.240 0.004*
(0.50) (0.053)

'TJ 0.009 0.005 0.007*
(0.002) (0.002)

gz 0.128 0.213 0.0001*
(0.030) (0.027)

'Tz 0.0081 0.044 0.003*
(0.026) (0.012)

gJ 0.086 0.118 0.002*
(0.021) (0.011)

'TJ 0.564 0.474 0.228
(0.190) (0.071 )

g4 0.086 0.122 0.001*
(0.013) (0.019)

'T4 4.69 3.99 0.152
(1.202) (0.490)

Gx/Go 0.371 0.307 0.102
(0.089) (0.054)

RZ 0.99 0.99

intervention, and often deliver the mechanical insult
across the intact dura mater. Thus, to evaluate the tissue
biomechanics associated with these models, the contri-
bution of the dura mater to the overall mechanical re-
sponse must be included. The dura from both rat brain
and rat spinal cord were modeled effectively with an Og-
den hyperelastic-linear viscoelastic constitutive law. The
stiffness parameter from the Ogden law for the cranial
dura was lower than spinal dura, and the non-linear stiff-
ening with increasing stretch was more pronounced for
cranial dura than spinal dura. Analysis of relaxation data
following high strain rate uniaxial loading indicated that,
although the total relaxation of the samples was similar,
the dura from the brain relaxed faster than that from the
spinal cord.

As with the dura mater in other species, the rat dura
mater is significantly stiffer than the CNS tissue it sur-
rounds, which points to its protective role. For instance,
Gefen et al. report that the in situ quasistatic shear mod-
ulus of rat brain is 0.1-1 kPa, depending on the age of
the tissue and whether it was preconditioned. By com-
parison, we found the rat cranial dura has a modulus on
the order of 1 MPa. Similarly, the rat spinal dura has a
modulus in tension that is two orders of magnitude greater
than the stiffness of rat spinal cord (Fiford and Bilston,

2005). The dura, therefore, will contribute significantly
to the overall mechanical response of the brain and/or
spinal cord to traumatic loading and may absorb a large
percentage of the kinetic energy, especially in models
where the insult is delivered directly to the dura. As such,
the data described herein is valuable as input material pa-
rameters for simulations of rat models of TBI and SCI.

·The differences in Ogden model properties of rat cra-
nial and spinal dura mater may be linked to their me-
chanical functions. Whereas the brain is encased in a rigid
skull, the enhanced mobility and flexibility of the spine
requires the structures of the spinal cord to routinely ex-
perience mechanical loading during movement. For in-
stance, MRI studies have shown that the human cervical
spinal cord can experience 6-10% strain during flexion
(Yuan et aI., 1998). Thus, the extended lag phase in spinal
dura can allow routine movement with less stress gener-
ation, which is not necessary in the cranial dura mater.
The stress-strain behavior of cranial dura may therefore
provide some compliance for smaller variations in CSF
pressure while restricting expansion for larger increases.

Previous reports, collectively, have demonstrated that
the properties of excised brain tissue are well correlated
to those in vivo, provided that the tests on excised tissue
are performed soon after sacrifice (Gefen et aI., 2003;



FIG. 6. Assessment of alignment with polarized light microscopy. Whole-thickness dura samples were interrogated with lin-
early polarized light, which was subsequently passed through a second linear polarizer oriented 90° from the first polarizer to an-
alyze the orientation. (A) Spinal dura samples oriented with the long axis of the sample coincident with the axis of polarization
extinguished nearly all of the light (average intensity for this image = 24.6 on an eight-gray, 0-255 scale). (B) A substantial in-
crease in intensity was observed when the sample was rotated ~4SO, indicating that the fibers comprising the spinal dura are ori-
ented axial1y (average intensity = 84.8). (C) Cranial samples placed with the long axis of the sample coincident with the axis of
polarization an inhomgeneous intensity field of moderate intensity (average intensity = 44.3). (D) Upon rotating the sample, a
redistribution of intensity is observed, but the increase in overall intensity was small (average intensity = 50.4).

Gefen and Margulies, 2004). In this study, all samples
were tested within 2 h of euthanasia and harvest. In ad-
dition, both cranial and spinal dura were very thin (~80
fLm) and dehydrated quickly when exposed to air. To
avoid the effects of dehydration, our samples were im-
mersed in PBS during sample preparation, and a constant
mist was provided during the actual mechanical testing.
In preliminary experiments, we found that the stress-
strain behavior and strain uniformity of the tissue was

much more consistent when tissue was supplied with a
constant, extremely fine mist via the ultrasonic humidi-
fier versus intermittent spray with saline (data not
shown). Additionally, when not in solution, the dura
tended to coil and fold onto itself. Special care was taken
to avoid overlapping of the dura while placing the sam-
ple onto the grips, which again resulted in improved con-
sistency in the results. Recording the displacement along
the length of the samples via fiduciary markers provided



a means of evaluating strain uniformity and, additionally,
a measure of the general quality of individual experi-
ments. In general, the behavior in the elastic region was
more consistent with cranial dura. Preliminary experi-
ments demonstrated that the range and variability of
spinal samples was the same in different regions (cervi-
cal, thoracic, lumbar-data not shown), and these sam-
ples were lumped together for the analysis. We also did
not attempt to remove the arachnoid layer from the infe-
rior side of the dura mater, for fear of introducing struc-
tural damage that would confound the mechanical test-
ing results. Other studies also report the structure and/or
mechanical properties for human and bovine dura with
the arachnoid in tact (Runza et aI., 1999) or with a sim-
ple excision procedure of the dura, from which it is as-
sumed that the arachnoid remains with the tissue (Patin
et aI., 1993; Hamann et aI., 1998). A recent report indi-
cates that the cranial pia-arachnoid complex does provide
mechanical protection for brain tissue, based on the prop-
erties of bovine tissue, and we presume it would provide
similar protection for spinal cord tissue (Jin et aI., 2006).
However, the relative thickness of the dura-to-arachnoid
(Vandenabeele et aI., 1996; Runza et aI., 1999)and the
relative lack of organized extracellular matrix in the
arachnoid (Vandenabeele et aI., 1996) suggests that the
arachnoid would contribute minimally to the properties
examined herein. Weare developing techniques to sep-
arate the two tissues, but the rat dura is thinner than other
species studied, and reproducibly isolating the tissues is
challenging.

The general, non-linear stress-strain response of rat
dura mater is consistent with other collagenous, load
bearing soft tissues, such as ligaments, tendons, and skin.
In vivo, fibers from human dura tend to have an inher-
ent undulated nature and are potentially aligned randomly
(Frisen et aI., 1969). During the initial stages of uniaxial
tensile loading, those fibers begin to orient themselves in
the direction of loading, straighten, and stretch, which
leads to an initial compliance and lag in the stress (Vi-
idik, 1968; Frisen et aI., 1969). As strain increases, the
fibers further align and take on more load, which leads
to a non-linear increase in stiffness (Viidik, 1968; Frisen
et aI., 1969; Bilston and Thibault, 1996; Fiford and Bil-
ston, 2005). Additionally, the dura has a significant num-
ber of elastin fibers, which are believed to contribute to
the low-strain, toe-region of the stress-strain curve for
soft tissues (Park, 1984).

The differences in material behavior prompted us to
preliminarily examine the structure and composition of
the tissues. Polarized light microscopy indicated that the
microstructure of spinal dura was significantly aligned,
whereas cranial dura was more randomly oriented. His-
tological staining also indicated that the spinal dura was

aligned along the axis of the spinal cord, but that orien-
tation of the cranial dura was inhomogeneous and often
random. The histology also suggested that rat spinal dura
maintains greater elastin content than cranial dura. The
alignment of spinal dura was aligned in the direction of
uniaxial testing, but also maintained greater elastin con-
tent. By comparison, the cranial dura showed a mesh-like
structure and a lower elastin-content. The data suggests
that transition from elastin to collagen loading is a strong
factor in the non-linear stiffening of spinal dura, whereas
rotation and alignment of collagen fibers in the direction
of stretch is responsible for the non-linear stiffening in
cranial dura. These results are qualitative, and a detailed,
quantitative assessment of the structural organization via
electron microscopy, small angle light scattering (SALS),
or associated technique, as well as the composition via
quantitative microscopy and digestive assays is necessary
and warranted to develop a true structure-function rela-
tionship for these tissues.

The alignment we observed in the spinal dura gener-
ally matches that found in human samples. Histology and
scanning electron microscopy studies have shown that
collagen fibers in the human lumbar dura mater demon-
strated a preferential longitudinal orientation, which im-
parted transversely isotropic material properties. Stiffness
in the direction of the fibers was ~ 5-10 times the stiff-
ness transverse to the fibers (Patin et aI., 1993). In the
present study, we only examined the mechanical proper-
ties of dura in the longitudinal/sagittal direction, primar-
ily because the short width of the spinal samples pre-
cluded effective testing with our mechanical testing
system in the transverse/coronal direction, and we are
thus limited to an isotropic material law, when an
anisotropic law is warranted, particularly for the spinal ,
dura.

Unlike human lumbar dura, histological staining of ca-
nine lumbar dura mater showed no preferred longitudi-
nal orientation, but instead an increased number of trans-
verse fibers, and an associated absence of directional
properties (Patin et aI., 1993). Additionally, bovine lum-
bar dura tested in uniaxial tension in the longitudinal di-
rection demonstrated a much longer "lag" portion com-
pared to human lumbar dura tested parallel (Runza et aI.,
1999). Together, these data indicate there can be consid-
erable species-to-species variation in the fundamental
mechanical behavior of the dura mater, and it has been
suggested that differences observed were partly due to
the supine vs. upright nature of the species, as well as the
associated lack of gravity-induced CSF pressure (Patin et
aI., 1993). The rat, of course, is a supine animal, yet rat
spinal dura clearly demonstrated longitudinal alignment.
Increased flexibility of the rat, coupled with a diminished
hoop stress because of the smaller radius of the spinal



FIG. 7. Histological staining of spinal (A,B) and cranial (C,D) dura. Verhoeff's Van Gieson staining (A-C) showed that spinal
and cranial dura both include collagen and elastin, though the elastin content appeared to be greater in spinal samples. Spinal
dura fibers appeared to be aligned axially (B), and induced orientation of cell nuclei in a cell-dense layer of the dura (A). In some
areas, cranial dura fibers tended to appear randomly oriented and wavy (C), while in other areas, a CI;SS-Cross,hatched appear-
ance was apparent (Tri-chrome staining; D). (Color image is available online at www.liebertpub.com/jon)

cord, and, therefore, less need for circumferential rein-
forcement, may explain the preferred axial alignment in
this species versus other, larger supine animals.

The alignment we observed in the rat cranial dura gen-
erally matched that from human cranial dura. McGarvey
et al. (1984) reported that the cranial dura fibers showed
some local orientation, but often changed direction within
a 5-mm distance. They tested the cranial dura both lon-
gitudinally and transversely and determined that the cra-
nial dura had an average stiffness of approximately 60
MPa. Van Noort et al. (1981) performed tensile loading
tests on human cranial dura and determined an average
stiffness of 30 MPa, but also noted that many of the sam-
ples were from cadavers older than 50 years, which could
contribute to poor quality dura. They also determined
through histology that at short distances, there are indi-

cations of preferred fiber orientation. Hamann et al.
(1998) performed an in depth quantification of fibers ori-
entation using SALS in the human cranial dura and de-
termined that the fibers had multiple preferred orienta-
tions except in the temporal region. Thus, it appears that
dura mater from the brain may demonstrate anisotropic
properties locally but tend towards isotropic properties in
bulk measurements. The primary stresses experienced by
the cranial dura are from CSF pressure, which would in-
duce a roughly uniform membrane tension throughout the
dura, with local variations due to anatomical/geometric
factors that could lead to the local variations in align-
ment.

We performed stress relaxation tests at a significantly
higher strain rate (-20 sec-I) than those used in pub-
lished studies of dura material properties of any species.



High strain rate tests are necessary to capture the response
of tissue in a regime that is relevant for neurotrauma clin-
ically, as well as to emulate the strain rates applied in
many in vivo SCI and TBI models (Dixon et aI., 1987;
Stokes et aI., 1992; Meaney et aI., 1994; Young, 2002).
Previously, Patin et al. (1993) tested human lumbar dura
in both longitudinal and transverse directions to a strain
that corresponded to half failure at a rate of 10 cm/min.
They noted that 15-33% of the stress relaxed in 24 sec,
but unlike failure testing, stress relaxation testing showed
no mechanical directionality. McGarvey et aI. (1984) per-
formed stress relaxation tests between 5% and 500%
min-I on human cranial dura and showed that, on aver-
age, approximately 20% of the stress relaxed in 1000 sec.
We found cranial and spinal dura mater demonstrated
more than 60% relaxation when strained at the higher
rates. This relaxation is substantially greater than previ-
ous reports, which undoubtedly is related to the genera-
tion of greater stresses at higher rates, essentially sup-
plying more stress to relax than had been done in the
previous studies.

We fit the relaxation data to a four-term Prony series
exponential decay. The four-term Prony series decay
function allowed an accurate determination of short
«100 msec), intermediate (100 msec to 1 sec), and long
(> 1 sec) time constants, and provides a robust material
determination for different biomechanical studies and
simulations. Traumatic injury studies clearly call for ac-
curate assessment of short time constants, and splitting
the relaxation into four terms resulted in time constants
on the same order as loading rates experienced in trauma
and in models of TBI and SCI. However, there are other
instances where loading of brain and spinal cord struc-
tures occurs over a longer time period and the mechan-
ics may be more appropriately modeled with the inter-
mediate and long time constants, and possibly constants
determined from longer hold periods than the 10 sec em-
ployed herein, although the majority of relaxation had al-
ready occurred. Robotic and virtual surgeries (Federspil
et aI., 2003; Spicer et aI., 2004), where the dynamic loads
on the spinal and dura are within or just above physio-
logical levels, chronic cord compression syndromes, such
as syringomyelia (Loth et aI., 2001; Carpenter et aI.,
2003) or hydrocephalus (Taylor and Miller, 2004; Lin-
ninger et aI., 2007) that result in an increase in CSF pres-
sure, or increased pressure from a myleoma, sarcoma, or
other malignancies, are more appropriately modeled with
longer hold times.

Whereas no significant differences were observed be-
tween the total relaxation of cranial and spinal dura, the
distribution of relaxation among the four terms in the
Prony series was different. Cranial dura had significantly
shorter time constants for the first two terms than the

spinal cord (5 and 44 msec, vs. 9 and 81 msec). The first
two terms contributed approximately equally to the total
relaxation for cranial dura (~24% vs. 21%), whereas the
spinal dura experienced greater relaxation over the first
time constant than the second one (33% vs. 13%). To-
gether, the two terms accounted for 45% and 46% of the
total stress, but the cranial dura relaxed nearly twice as
fast. The cranial dura also demonstrated significantly
more relaxation at later time constants than the spinal
dura (3rd and 4th term), though there were no significant
differences in the time constants, themselves. A detailed
analysis of composition and structure-function behavior
is likely necessary to identify the source of the differ-
ences in relaxation behavior between spinal and cranial
dura mater.

However, for both tissues, relaxing the dura stiffness
may allow relief of the circumferential/hoop stress gen-
erated by intracraniaVintrathecal pressure by allowing
some volume expansion, which may be especially sig-
nificant for the cranial dura because of the larger radius.
Additionally, relaxation in spinal dura is necessary to al-
leviate stresses during routine postural movements and
extended times in flexion and extension. It is well known
that fibroblasts, the chief cell type in dura mater, respond
phenotypically to mechanical tension by altering their cy-
toskeleton and adhesion to the surrounding matrix and
their synthesis of proteins and enzymes involved in ma-
trix re-organization, including an increase in type I col-
lagen synthesis, to appropriately adjust the tissue's prop-
erties. The large, cumulative relaxation in dura mater will
also assist in shielding fibroblasts from these stresses to
limit matrix remodeling ofthe tissue (Kessler et aI., 2001;
D' Addario et aI., 2003; He et aI., 2004; Petroll et aI.,
2004).
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