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The large strain mechanical properties of adult porcine gray and white matter brain
tissues were measured in shear and confirmed in compression. Consistent with local
neuroarchitecture, gray matter showed the least amount of anisotropy, and corpus callo-
sum exhibited the greatest degree of anisotropy. Mean regional properties were signifi-
cantly distinct, demonstrating that brain tissue is inhomogeneous. Fresh adult human
brain tissue properties were slightly stiffer than adult porcine properties but considerably
less stiff than the human autopsy data in the literature. Mixed porcine gray/white matter
samples were obtained from animals at “infant” and “toddler” stages of neurological
development, and shear properties compared to those in the adult. Only the infant prop-
erties were significantly different (stiffer) from the aduftDOl: 10.1115/1.14499Q7
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Introduction ented, while gray matter consists of cell bodies and supporting
vascular network that likely do not impose such directional pref-
erence. Magnetic resonance diffusion tensor images of the brain
gﬁuroarchitecture confirm that some regions of white matter can
e modeled as transversely isotropic, while gray matter is an iso-
fppic structure[25]. Despite this evidence, though, few investi-
ﬁtors have examined directional properties of brain tissue. To our

at a rate of over 200 per 100,000 childrd]. Diffuse white nowledge, only Shuck and Advani included the anisotropy and

matter damage is associated with a large fraction of those patiefffiomogeneity of _pra_un in their study desid23]. However,
with poor neurologic outcome in adult and pediatric survivors gphuck and Advani's important and encouraging data were ob-
brain injury, ranging from subtle behavioral changes to significaftined at very small strains of 1.3 percent, considerably smaller
neurologic deficits. Biomechanical analyses of diffuse axonal ifpan those associated with traumatic head injury. _
jury (DAI) suggest a link between brain material respofsseain Previously, brain tissue has been idealized as an isotropic ma-
and white matter injury4—9]. Understanding the biomechanics ofterial at large deformations. As a first step to evaluate the validity
diffuse brain injuries in adults and children requires the develoff this approximation, this paper presents data defining the re-
ment of a precise relationship between the macroscopic head rg@nal and directional properties of adult brain tissue at strains up
tions and the mechanical response of the brain. to 50 percent. We hypothesize that gray matter has an isotropic
In order to gain insight into the mechanisms of traumatic braiifssue structure. Previously the brainstem was demonstrated to be
injury, computational modeling is often used to estimate intracré-transversely isotropic material that can be accurately represented
nial deformations during traumatic loading. The accuracy in préy a fiber-reinforced composite where the uniaxially oriented vis-
dicting the circumstances that cause DAI using these modelscigelastic fibergneural tractsare three times stiffer than the sur-
dependent on the biofidelity of the material properties. It is esseipunding viscoelastic matritextracellular components and oligo-
tial that material properties are defined separately for differediendrocytes[26]. Because oriented neural tracts also exist within
regions, directions, ages and account for the potential nonlinghe cerebral white matter, we hypothesize white matter would also
viscoelastic behavior at finite strains because the inhomogenedus,a transversely isotropic material, and that within the white
anisotropic, and age dependent tissue properties can influencerttater, the ratio of moduli depends on the extent of fiber orienta-
resulting deformations within the brain. Studies have shown largen. Two regions of cerebral white matter, the corpus callosum
strains occurring during rapid head rotatiof10] and injury and corona radiata, were examined to test this hypothesis. The
thresholds above 20 percent straitl,12. Therefore it is also corpus callosum is a highly aligned, uniaxially oriented region of
critical for brain material properties to be examined and charaghe brain consisting of neural tracts running between the left and
terized at large deformation. right hemispheres. We expect that this region will resemble pre-
Material properties of brain tissue have been measured durivigus findings in the brainstem. In contrast, the corona radiata is
compression, shear, and oscillatory load[i§-24 and the re- also composed of neural tracts, but the tissue is not uniaxially
ported properties vary from study to study, within and acrossriented; the fibers appear in a ‘fan’ pattern along a major axis. we
modes of testing, by as much as an order of magnitude. This ranggect that the corona radiata has a smaller difference in the
is probably related to the anisotropic and inhomogeneous nat@i@duli between direction than the corpus callosum consistent
of bra_in tissue and the broad range of test condition_s. _ with a less aligned organization.
White matter consists of a fiber arrangement that is highly ori- Traditionally, a biomechanical analysis of head injury in the
- infant and young child assumes that they respond as miniature
go \tN'T;OT ;chciLreSandence S_hou:g_ be ad(?ressegl; o i TELENAL OF adults, with identical tissue properties and injury threshpfis-
BIOMOEnc:—IiALrj\lE:ALyENglNEICI;rI]Ng(I‘:eI\(Ae;QSscrl?gfI?ence?\;e’ziub)ﬁileogignengineering Divi-3.1]' Using .dlmens.lonal analysis, critical inertial loading andl-
tipns associated with DAl were scaled from the adult to the infant

sion Oct. 17, 2000; revised manuscript received Oct. 25, 2001. Associate Editor ! ! !
Vanderby, Jr. as a function of brain mag82]. These studies concluded that the

In the United States, traumatic brain injufyBl) is a leading
cause of death and disability. Approximately 1.5 million Ameri
cans experience TBI per year and incidences requiring hospit
ization or death number 300,000—550,000 annudllg]. In chil-
dren, TBI is the most common cause of death and TBI resultingﬁ
hospitalization or death occur in at least 150,000 children per ye
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Fig. 1 Anatomic locations and test directions (D1= direction 1, D2 =direction 2 ) of (a) adult
gray matter sample and (b) adult corona radiata sample shown in coronal section (left) and
sagittal section (right ). Anatomic location of  (c) adult corpus callosum sample shown in trans-
verse section (left) and sagittal section (right ). Anatomic locations and test direction of (d)
five-day and four-week old mixed white /gray matter samples shown in coronal section (left)
and sagittal section (right ).

lower brain mass of the young child allows the pediatric brain teamples, D1 was defined as aligned with the neural tracts in the
sustain higher rotational accelerations than its adult counterpedronal plane, and D2 was defined as orthogonal to the tracts in
before the onset of injury. However, alterations in tissue comptie coronal planéFig. 1(b)). In the corpus callosum samples, D1
sition and mechanical properties can influence the resulting deforas defined as aligned with the neural tracts in the transverse
mations and, in turn, injury patterns within the brain. Recentlyplane and D2 was defined as orthogonal to the tracks in the trans-
Melvin and Hymel recognized the important role of material proprerse plangFig. 1(c)). Each sample was tested along only one
erties in defining age-specific injury mechanisms and thresholdfection. Eighteen corona radiata white matter sam@da<D1, 6
and emphasized the current lack of age-related material propeD@), 12 corpus callosum samplés D1, 6 D2 and 18 gray matter
data within the literaturd33,34. Only Thibault and Margulies sampleg12 D1, 6 D3 were tested from a total of 32 brains.
have investigated the age-dependency of brain material propertiesfo test brain tissue properties for age-dependency, tissue
and although their analysis found a significant difference betwesamples were excised from five-day ¢tt=6) and four-week old
infant and adult porcine tissue, the study tested samples only(a&5) piglets which have the composition and neurologic devel-
small straing<2.5 percent[24]. In addition to adult tissue prop- opment equivalent to a human newbd@rnl month old and tod-
erties, this paper presents data describing the properties of infadr (approximately one—three ye#srsespectively36]. The rect-
and toddler brain tissue at large strains, up to 50 percent.  angular samples were taken from the same location as the corona
In summary, the focus of this paper is on a critical gap in thediata samples of the adult and tested along(Bi). 1(d)). Be-
existing literature: identifying the anisotropy, inhomogeneity, angause of the smaller brain size, these tissue samples consisted of a
age-dependent nature of brain tissue at large strains. We hypa#ixture of approximately equal amounts of whit®rona radiata
esize the white matter is anisotropic due to its cellular architegnd gray matter. These data were compared with average white
ture, while the gray matter would possess much less directioraid gray matter properties of the adult porcine data.
dependence in its material properties. Furthermore, we hypoth+resh human remnant temporal cortex samgtgsy matter,
esize that brain tissue material properties are inhomogeneous fpk), obtained from the operating suite after temporal lobectomy

age-dependent. procedures, were tested within three hours after excision. Data
were compared with porcine tissue data. All protocols were ap-
Methods proved by the University of Pennsylvania IACUC and IRB.

Sample Procurement and Preparation. To test brain tissue ~ Shear Testing Protocol. Using a custom designed, humidi-

for inhomogeneity and anisotropy, rectangular tissue sanffi@s fied, parallel-plate shear testing devif&7], displacement and
X5x1 mm) were excised from porcine sections of white matteforce were measured during rapid stress relaxation tests in simple
(corona radiata and corpus callosuamd gray mattefthalamug shear. The tissue was held in place between the glass plates with-
maintaining consistent orientation from animal to animal. Theut adhesive and with negligible pre-compression. The bottom
cause of death of the adult animals was rapid exsanguinatiplate was displaced with a ramp time of 60 msec and hold time of
while the pediatric animals were sacrificed using a lethal dose @ sec in the following order of approximate strain,) magni-
KCI or pentobarbital. All samples were transported in 4°C mockides: 2.5 percent, 5 percent, 10 percent, 20 percent, 30 percent,
cerebral spinal fluidCSP solution and tested within 5 hours post-40 percent, 50 percent, and retested at 5 percent to confirm repro-
mortem [35]. Specimen dimensionglength, width, thicknegs ducibility. Each specimen was tested at strain rates ranging be-
were measured in triplicate with a digital caliper and averagediween 0.42 and 8.33'$. Steady state was verified at 60 sec for all

In the gray matter, Direction (D1) was defined as the superior/tissue types and directions with less than a 0.5 percent change in
inferior direction, and Direction 2D2) was defined as the trans-stress over the last five seconds and the specimen was allowed to
verse direction in the coronal plariEig. 1(a)). In corona radiata relax for 60 sec before the next test was performed.
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Data were obtainedl kHz sampling rateat each strain level where @ and . are properties of the material, and are the
after two preconditioning runs at that strain level and stored guwincipal stretch ratios. The parameterincorporates the strain-
computer. For each strain level, force and displacement datanagnitude sensitive nonlinear characteristics, gncbrresponds
five isochroneg100 msec, 300 msec, 800 msec, 1800 msec, atwl the shear modulus of the tissue. In simple sh@gak1), the
60 sec after pegkfrom each specimen were evaluated to detemaximum principal stretch ratia is related to the engineering
mine the properties for the specified tissue type and direction. shear strainy (2e4,) [38]:

2

112
Y

Validation in Unconfined Compression. Following the v
shear testing, unconfined compression experiments were con- )\:§+ 1+j
ducted to test the validity of the constitutive model in a different
testing mode. Gray matter samplé€x5x2.5 mm,n=4) were  Assuming incompressibility N;-\,-A3=1), the elastic com-
compressed using a stress relaxation protocol at 5 percent, @ment of the shear stre€B,,) measured on top face of the tissue
percent, and 50 percent strais,,). The tissue was placed in asample is related to the applied shear:
parallel plate indentor and the top plate controlled by a stepper 2 (NN ")
motor (Model 26449-05, Haydon Switch and Instrument, Inc., Ti=— mA A D (3)
Waterbury, C7. The displacement of the top plate was measured @ (NANTYH
with an LVDT (Model 0241, Trans-Tek, Inc, Ellington, GTand
the resulting compressive force was measured with an axial for ree
transducefModel 31, Sensotec, Columbus, @Hhe plates were
lubricated(Braycote 804 Grease, Castol, Irvine, C# ensure a
pure slip boundary that was confirmed photographically. The di
placement ramp rate was approximately 1.5 mm(sgain rate of
0.6 sec!), followed by a 60 sec hold. Data were obtained at ea
strain level after two preconditioning runs were performed. Th&
measured long-term nominal stress val(ies60 se¢ were com-
pared to the predictions of the long-term nominal stress generated
for unconfined compression using the constitutive model and the
parameters determined from the shear tests.

@

To incorporate time-dependent behavior, the shear modulus in
above expressiofw) was replaced with a modulus that
changes with timeu(t). This formulation assumes thatis in-
gependent of time angl(t) is independent of strain.

To determine the parameterin our constitutive relationship
independently ofx, isochrone data was examined from our stress
laxation tests. At a fixed stress isochromne {;), the measured

ress response across the seven different strain magnitudes tested

Interfacial Conditions for Testing Device. Studies were de-
signed to confirm that the shear testing protocol provided a no-slip
boundary condition at the two glass plates and was nondestructive
to the tissue. The no-slip boundary condition was examined by
marking the tissue, displacing the bottom plate 1rfem,=50 s
percen), and measuring the displacement of the tissue at the top .« "«
plate from photographs. The tissue was marked with cresyl violet -".-' G ¥y
and a 25 mm grid secured on the top glass plate. The locationso '+ = = =
five points on the tissue were digitized at the top tissue surface “ o
relative to the grid and compared to the digitizing error.

..

Tissue Integrity Assessment. To demonstrate that the testing
protocol did not damage the tissue, a mixed gray/white matter . \7:'1*0'
sample near the corona radiata was subjected to 50 percent she . O'?
strain and compared to an unstrained sample obtained from the “h “
same exmsed brain spemmen Both samples were fixed and mi "' ;:

tion, and staln intensity were compared J‘m

An additional assessment of the tissue integrity was conductec
comparing the final test at 5 percent shear strain after the entire p3= --;4
multitest protocol was completed. The long-term moduli ‘{
(G.,) of the initial and final 5 percent tests of ten random samples v
were compared with a paired Studertt®st. If the samples were 12
not damaged during the test, these two test conditions were ex %‘)‘
pected to yield similar results. 6'3.‘ 7..1

.

Analysis l ,‘, 3]

A strain energy-based constitutive model was developed to de- /.; J., A
scribe the behavior of white and gray matter in orthogonal S|mple } .
shear tests. Isotropy and homogeneity were assumed for eacx y ,
sample tested, and a comparison of properties obtained in differ- =+ %
ent directions was employed to evaluate anisotropy. The nonlinea ! &, ‘{u,
material properties were modeled with a first-order Ogden hyper- . fﬂ e
elastic model modified to include energy dissipation. In this ap-  « 3
proach, the analysis started with a formulation for an elastic ma- *_ > 5.y % »\
terial based on a first-order Ogden hyperelastic material with a* 7x R,,
strain energy density functiow [38]:

,! s

2
W= _’u()\f_;_ N5+AN5—3) (1) Fig. 2 Representative histology slides of control tissue (a)
2 h :
@ and strained (50 percent ) tissue (b).
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300 - 2

p u(O=po| 1= 3, Ci(1-e ) |. ©)
=
250 - p
Results
E 200 - >§<>S< Interfacial Testing Condition.  The assumption of a no-slip
= X boundary condition for the shear testing mode was confirmed with
® % the analysis of displacement of the tissue at the top plate during
'S 150 - the largest tissue straire{,=50 percent The five points digi-
= tized had an average displacement of 0.009 mm with a digitizing
8 error of 0.008 mm. The tissue displacement was statistically in-
© 100 - distinguishable from the digitizing error and was less than 1 per-
cent of the displacement of the bottom plate.
The pure slip condition between the plates and tissue in the
50 1 unconfined compression tests was evaluated photographically.
Given a bulk modulus of approximately 2 MP200,000 psi[39],
0 the brain tissue was assumed to be incompressible. The change in

surface area of the tissue samples, evaluated at 50 percent com-
0 50 100 150 200 250 300 pression, differed less than 1 percent from that predicted for an
Goo- first 5% (Pa) incompressible material, confirming the pure slip boundary at the

Fig. 3 Long-term shear moduli of first and final 5 percent plates is & valid assumption for this testing mode.

shear strain tests  (line has slope =1). Tissue Integrity Assessment. The Nissl staining revealed no
difference between the unstrained tissue and tissue strained with
the 50 percent shear strain proto¢blg. 2). The cell bodies had
similar size, shape, distribution, organization, and stain intensity,

was normalized to the stress at a specific shear lexelyy). This indicating no tissue discernable damage as a result of the testing

yielded the following expression for normalized shear at time protocol. Tissue damage for the shear testing mode was also veri-

that was independent qf: fied by examining the mechanical properties before and after a
sample was subjected to 50 percent shear strain. Figure 3 shows
(N*=N"")(No+Agh) an identity plot ofG., of the first and final 5 percent shear strain
T12nom{ N 1) = (NE—Ag(N+N D) (4)  test for each sample. The plot shows no consistent pattern between

the first and final shear modulus. Pairédwalysis of the long-
where\, is the principal stretch at the shegg. Using the defi- t€rm moduli G..) of the first and final 5 percertt ;) shear strain
nitions aboveT;,, 7, and\ values were calculated at each isoWere not significantly differentp=0.83, n=10), demonstrating
chrone from the force and displacement data recorded from I testing protocol did not alter the tissue.
ramp-and-hold stress relaxation experiments and normalized thesphear Material Properties. No consistent influence of time
values t0,=0.50 (¢1,=25 percent The stress at 25 percentyas found on the Eq4) relationship nor of strain on the E¢p)
strain was determined by interpolating between the stress Megmtionship, confirming that the response of gray matter and white
sured at the 20 percent and 30 percent shear strain tests. To d&fgfirer samples tested in a single direction could be represented
mine « for the first-order Ogden model, all isochrone and straifjsing this modified hyperelastic material model. The parameters
data for a particular tissue and test direction was combined andi§if each tissue type and direction are shown in Tables 1 and 2.
to Eq. (4) using a least-squares nonlinear regres$i®OR Pro 14 coefficient of determinatiofR?) was=87 percent for each

3“1'4' V\Ilavemetrips, L_alée Osv(\;ego, DRo confirqun.thaththe OVET™ it to Eq. (4), supporting the Ogden model as an appropriate ma-
all a value was time-independent, E@) at each isochrone was taia model to represent the nonlinearity of brain tis¢ig. 4).

evaluated as well. The « value was varied for each tissue region and direction to

Oncea was determined, the measured relaxation response V\éaeﬁermine the sensitivity of the curve fit to thevalue. TheR?
re-analyzed at each isochrone to determine the relaxation modl{/g

() Using the overalr determined fo tht tisue ype andy; e crendd 55 e 1 ercent whenas vried by n orcer
direction, Eq.(3) was rearranged to solve f@r at each isochrone ' e ’

to calculate the shear relaxation modu}u&;) directly at each of

these timeg; .
Table 1 Ogden coefficients a and u(f) (Eg. 6)) for porcine
ale()\-i-)\‘l) adult regions, directions
mi(t)= 20 ®)
Age/Species Adult Porcine
To determineux at a specific isochrone, all strain data of al| Region | Gray Matter (thalamus) Corona Radiata Corpus Callosum

samples for a particular tissue region and test direction at that til piection | D1 | D2 | ave | DI | D2 | ave | DI | D2 | ave
point was combined and fit to E@5) using least-squares linear
regression through the origin. To confirm thatt) was indepen-

dent of\, the data at individual strain levels used to fit to E9), o 0.0273 | 0.0600 | 0.0382 | 0.0741 | 0.0360 | 0.0614 | 0.0497 | 0.0759 | 0.0628
were evaluated. The values pf{t) at each time point were com-
pared statistically using Studentsanalyses for comparing two
slopes to determine if there were any significant differences i © 0.302 1 0296 | 0.300 | 0288 | 0.265 | 0.279 | 0297 | 0.264 | 0.276
tween the corona radiata, corpus callosum, human temporal cor ey | 271 | 249 | 260 | 286 | 242 | 272 | 2500 | 3.03 | 2.85
or gray matter properties and if there were any significant diffe
ences between direction within a tissue type. The data at ez
isochrone were then combined into a Sing|e second-order Prg T (sec) 0.186 | 0.165 | 0.175 | 0.167 | 0.167 | 0.166 | 0.151 | 0.162 | 0.158
series for a particular region and test direction:

# samples 12 6 18 12 6 18 6 6 12

Lo (Pa) 2715 | 256.1 | 263.6 | 292.6 | 211.4 | 2542 | 131.4 | 2322 | 1822

Cs 0.451 | 0.478 | 0.464 | 0.497 | 0.516 | 0.505 | 0.474 | 0.462 | 0.466
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Table 2 Ogden coefficients «a and u(f) (Eg. (6)) for human 500
adult, porcine adult, porcine 5-day and 4-week old tissue

450 —e— 5 day old
400 —&— 4 week old
Species Human Porcine —m— avg Adult
350
Region Gray matter Mixed Gray/White Matter 300
Age Adult 5 day 4 week g 250
=
# samples 6 6 5 200
o 0.0323 0.0100 0.0326 150
100
Ho (Pa) 295.7 526.9 216.5 50
C 0.335 0.332 0.316 0 - ¢ T 1
2 (sec) 540 2,96 1.00 100 1,000 10,000 100,000
time (msec)
C, 0.461 0.389 0.428
Fig. 6 Age-dependent properties. Time-dependent Ogden
T2 (sec) 0.146 0.181 0.190 component u for five-day old piglet, four-week old piglet, and

average adult porcine white and gray matter properties (error
bars indicate 95 percent confidence interval )

range ofa values reported in Tables 1 and®0100-0.075p that
values ofa were determined not vary significantly across either
tissue type or direction.

To compare human and porcine properties, a mean porcine gray
matteru(t) was computed from the average D1 and D2 properties
at each isochrone. At each isochrop&t) was significantly dif-
ferent between human gray matter=5) and porcine gray matter
(n=18) (p<0.05, Fig. 3. The human samples were an average of
29 perceni37.7 Pa stiffer than the porcine samples.

After averaging the D1 and D2 properties to obtain mean values
for the adult corona radiata and gray matter, a combined adult
white/gray matteq(t) was calculated at each isochrone by aver-
¢ 100 X 300 aging the mean values of these two regions, in order to compare

-
[$)] N
1 —

-
!

Normalized stress

isochrone (msec)

[=]
3]
1
-

4 sff’o _lgg}iﬂ mixed porcine properties across different ages. At each isochrone,
(1) of the five-day old pigletn=6) was significantly higher than
the combined white/gray matter adult properties=36) (p
0 I ‘ ' <0.00), and higher than the four-week old piglét=5) (p
1 1.2 1.4 1.6 <0.001, Fig. 8. Specifically, the five-day old piglet samples were,
stretch ratio, 2 on average, two times stiffer than the adult specimens. In contrast,

the four-weeku(t) values were not significantly different from
the adult properties at any isochrone.

To evaluate regional inhomogeneity, a mea¢t) was calcu-
lated from the average D1 and D2 within each region at each
isochrone(Fig. 7). The corpus callosum region was significantly

Fig. 4 Typical nonlinear regression to determine the constant
a. Data shown for 1 sample.

300 - 250
250 —»— Human adult gay oo
g ) —&—avgcr.
—e— Porcine adult gay 200 —m—avgc.c.
200
_ . 150
= (v}
2 150 <
= =
100 A
100
50
50 -
0 : : ‘ 0 ‘ ‘ |
100 1,000 10,000 100,000 100 1,000 10.000 100.000
time (msec) time (msec)

Fig. 5 Time-dependent Ogden parameter u for human and Fig. 7 Regional properties. Time-dependent Ogden compo-

porcine gray matter (error bars indicate 95 percent confidence nent u for corona radiata (c.r.), corpus callosum (c.c.), and gray
interval ) matter (error bars indicate 95 percent confidence interval ).
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250

2.5 —e—cr —=—cc.
—@—gray D1
200 4 —e—gray D2 D ;’*.——_./.’/—/.
150 -
® o 1.5
¢ g
100 - (a]
1 4
%0 ——o—o— —e
0.5 -
0 T T 1
100 1,000 10,000 100,000 0 . ‘ '
time (msec) 100 1,000 10,000 100,000
time (msec)

Fig. 8 Directional properties. Time-dependent Ogden compo-
nent u for gray matter (error bars indicate 95 percent confi-

t Fig. 10 Directional properties. Direction ratio
dence interval ). 9 prop

(DY/D2) or gray

matter, corona radiata (c.r.) and corpus callosum (c.c.).
different from the gray matter at every time pofpt0.001) while 600 -
the corona radiata and gray matter regions were statistically ind
tinguishable from each othép>0.09. Corpus callosum proper- 500 - X data X
ties were statistically different from the corona radiata region — prediction X
the first two isochrones, but were not significantly different at th
800 msec, 1800 msec, and 60 sec isochrdRigs 7). Gray matter 400 -

had the largest average while corpus callosum had the lowest
averageu at every time point. — X

To evaluate intraregional anisotropy, comparisons were mag 300 -
between D1 and D2 results obtained from each region. Gray mg’
ter showed no difference between the two orthogonal directiol 200 -
(p>0.07, Fig. 8. However, directions 1 and 2 for each white
matter type were significantly differe(®<0.02), but only corpus XX
callosum had D2 properties greater that Fg. 9). The ratio 100 -
(D2/D1) of n was evaluated at each time point and averaged
yield approximately 0.70 and 1.93 for corona radiata and corp! 0 4 : : ‘

callosum, respectivelyFig. 10).

To evaluate directional properties across regions, comparisc
were made between the corona radiata and corpus callosum re-

9 07 0.5
stretch ratio, A

sults obtained from the same direction. Corona radiata was sjgg. 11 Long-term stress of unconfined compression experi-

nificantly (p<<0.00) stiffer than corpus callosum for D(parallel

300

——c.r.D1 —#—c.r. D2
—&-c.c.D1 —c.c. D2
250
200
©
Q. 150
ES
100
50
0 T T T 1
100 1,000 10,000 100,000
time (msec)

Fig. 9 Directional properties. Time-dependent Ogden compo-
nent u for white matter regions corona radiata  (c.r.) and corpus
callosum (c.c.) (error bars indicate 95 percent confidence
interval ).

Journal of Biomechanical Engineering

ments compared to prediction of Ogden material model

to fiber direction at all time points. Direction 2 properties were
statistically indistinguishable between the two white matter re-
gions at all isochrone§>0.1, Fig. 9.

Taken together, these findings from the porcine shear tests sup-
port our hypotheses that white matter and gray matter have dis-
tinct properties, and that white matter behavior is more anisotropic
than gray matter. These findings also support the hypotheses that
different degrees of anisotropy exist within the white matter, a
finding that we propose correlates with the neurostructural orga-
nization in these regions.

Validation in Unconfined Compression. Results for uncon-
fined compression of porcine gray matter samples showed a typi-
cal relaxation response to the ramp and hold compression. The
measured long-term stress values from the gray matter compres-
sion experiments conducted are shown in Fig. 11. Using the av-
erage material parameters describing the shear properties of gray
matter, these measured compression results were compared to the
predictions of the modified Ogden hyperelastic model. The results
show excellent agreement, withRE value of 84 percent for the
prediction, thus validating this material model in a second inde-
pendent test mode.
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Discussion surgical sample data in this paper were obtained at much earlier
ime points after excision than previous studies, and are the only
ksh, nonautopsy human data available. These human temporal
be gray matter sample®=5) were compared to the porcine
Sjay matter samples and were found to be stif®d percent at

eyery time point(Fig. 5)_. The human specir_nens were obtained
large strains, including the effects of region, direction, age a gpm temp_oral lobectomies performed on epllepsy_ patl_ents. There-
species, represents a major step forward in our understandind®f: the difference between the human and porcine tissue proper-
the response of the brain during traumatic events. As such, it4eS May be attributable to the abnormal human samples. Of note,
important to compare these findings with the limited data in tH80ugh, is that these fresh human tissue properties are consider-
literature obtained using other models, testing modes, strain m&g!y less stiff than the human autopsy data in the literature, plac-

In the current research, finite element modeling is the prima
tool used to predict the mechanisms of TBI. However, the materi
properties used in these computational models are crucial for
curately predicting the circumstances that cause TBI. This ext
sive determination of the mechanical properties of brain tissue

nitudes, and sample conditions. ing it far closer to fresh porcine data tested at large strain than
Brain material properties in the past have been measuredi@man autopsy data. _ o )
vitro during compression, shear and oscillatory loadig— The porcine mechanical properties of brain tissue for infant

20,22-24. The reported properties vary from study to Stud)piglets and qdult pigs were found to be.sig.nificantly different from
within and across modes of testing, by as much as an order&sich othekFig. 6). Specifically, the pediatric Ogden parameter
magnitude. The broad range of testing methddsge range of Wwas approximately two times greater than the adult at every time
strain rates and magnitudes, different species, locations, specirf@ifit. In contrast, Thibault and Margulies found significantly
preparations, and testing mogledong with the nonlinearity of stiffer properties in adult tissue compared with pediatric brain
brain tissue makes comparisons difficult. A continuum of straifissue when measured at 1.25 percent shear strain, over a fre-
within a single sample were tested to overcome the difficulty fuency rang€20—200 Hz, and no significant difference between
comparing small strain and finite strain properties across differergult and pediatric tissue at 2.5 percent shear stfa#l. How-
samples or tests. The results of experiments at higher strain raggsr, performing these measurements at large deformation reveals
show that this modified hyperelastic model for brain tissue is valitiat brain tissue is nonlinear, and that adult tissue is stiffer than
for a large range of strain ratésp to 8.33 5%). In addition, the pediatric tissue at very small strains, but not at large strains. Con-
nonlinearity of the samples could be modeled for both testirgidering only the 20 Hz, 2.5 percent strain test condition, which is
protocols employed. similar to the present study in strain magnitude and rate, Thibault
To overcome difficulty with comparing material representationsnd Margulies found the shear modulus for pediatric tissue was
of brain tissue developed for different testing modes, unconfinéigher than adult tissue, but did not reach the level of statistical
compression tests were employed to validate the material modgjnificance(p=0.21). Limiting our analysis of the present data
in a different mode of deformation. The compression results weget to only our combined adult and five-day old tissue data at 2.5
in excellent agreement with the predicted response using the marcent strain, fit to a standard linear model as in the previous
terial parameters found from the simple shear tdfig. 11, report, our small strain moduli for the adult and 5-day old samples
showing the modified Ogden hyperelastic material model can @ere indistinguishable from the corresponding tissue properties
used to accurately represent brain tissue material properties. Stighorted by Thibault and Margulie=0.97 and 0.07 respec-
ies have shown that fluid flow in tissue can cause a changetifely) also showing a higher shear modulus for pediatric tissue
mechanical properties and this could account for this small diffehan the adul{p<0.003). It is important to reemphasize that the
ence between the compression and shear i48}sOur long-term present study reveals that this trend of stiffer pediatric properties
stress relaxation behavior to an applied step displacement in @ends to large deformations.
confined compression tests is approximately five to ten timespreyious studies have investigated regional inhomogeneity in
more compliant than material properties reported by Mendis et ghe prain, but they were limited to small oscillatory strains, and
and Miller et al.[18—21). The stiffer properties previously re- i resyits were reported using linear viscoelastic material models.
ported may be attributable testing conditions an_d tissue hand“%ecifically, properties of the cerebrufi24] and brainstem
such as the lack of preconditioning of the specimen, or postm@i3 43 yere studied in shear, and the corona radiata and thalamic

tem storage conditions. l?ray matter in torsiofi23]. To compare the current data to these

The properties determined in t_his paper for adult prain _tiss Yevious reports, only our small strain ddga5 percent, combin-
correlate most closely with previous large deformation simp %g directions 1 and Rwere fit to a standard linear model. Al

shear studies performed by Donnelly and Medig8]. The non- . o . .
linear viscoelastic model determined by Donnelly and Medige fépree regions were S|gn|f|c§1nt!y I(_ess stiff than the bfa'”s[té?ﬂ'-
$ontrast to our large strain findings, when only small strain data

a constant rate displacement in simple shear was compared to o . LI . ;
data. The nonlinear nature of this model fit our data well at We'® considered there were no significant differences in the com-

percent and 50 percent but the properties in the literature weHng mOdUI.' between our_thr_e_e regions stud|ec_i. Similarly, Shucl_<
approximately 4.25 times stiffer at both strains than those o nd Advani reported no significant differences in complex moduli
tained in the present study. These material properties reported gretwveen coronal radiata and gray mattejlat very low levels of
viously may be stiffer because they were determined from expefifain (1.3 percentand strain rate¢<0.26 s °) [23]. _
ments conducted at least 12 hours postmortem, as well as usingnese distinctions between large and small strain behavior un-
different strain rates and specimen locations than those used in @&score the importance of characterizing the material behavior
present study. over the fgll range of distortions expenenced during traumatic
Due to the difficulty in obtaining human brain samples, porcin®ads applied to the head. At large strains, when D1 and D2 data
tissue is often used as a substitute for brain material testifgre combined, regional shear tests revealed significant differ-
[14,19,24,26 However, other laboratories have tested human ti§nces between corpus callosum, and the other two regions at the
sue obtained at autopsy to avoid potential phylogenic differenctgster time point$100 and 300 msgcAcross time(t;), gray mat-
in the propertied15,16,23,4]. The advantage of using porcineter and corona radiata were the stiffest regions and corpus callo-
brain tissue is that it is easily procured and can be tested shoslym the most compliant, with gray matter and corona radiata ap-
after death, therefore reducing the effects of the tissue degradatiwaximately 30 percent stiffer than corpus callosum. Because
on the mechanical properties. The relative difference between parechanical property differences between regions are only appar-
cine tissue and a limited series of fresh human material weeat at the shorter time points, inhomogeneity may be important
examined to determine if any significant species differences exaly for rapid events, rather than slower, crushing head injuries.
isted in the mechanical behavior. To our knowledge, the humaihis regional inhomogeneity results in stress/strain concentrations
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Fig. 12 Prediction of linear fifth-order Maxwell model Fig. 13 Prediction of Ogden hyperelastic model modified to

include dissipation

that may play important roles in the regional tissue injury patterns
reported in traumatic head injuries such as diffuse axonal injUI’yTaken together, good agreement was found between our data
and gliding contusions. obtained at small strains and those published previously in the
In addition to regional inhomogeneity, our large strain shegterature for fresh brain tissyd4,24,42. However, brain tissue is
tests demonstrate anisotropy within the white matter regions Mgnlinear, and its large strain behavior reveals some notable dif-
not within the gray matter. Examination of the gray matter showegrences. In summary, brain tissue properties show significant in-
no difference in directional properties, supporting our hypothesiismogeneity at large strairisip to 50 percentbetween corpus
that gray matter is an isotropic region at large deformations. Ballosum and gray matter, and even between two white matter
contrast, corpus callosum properties were 1.93 times stiffer in B@gions—corona radiata and corpus callosum. Specifically, the av-
than D1. This flndlng is consistent with a uniaxial, ﬁber-l’einforCEQrage gray matter properties are 1.3 times stiffer than the most
model that was proposed previously for brainstem, with stiff vissompliant region, the corpus callosum. Second, gray matter was
coelastic fibers surrounded by a viscoelastic mg@8]. In con-  shown to be isotropic; however, significant anisotropy exists in
trast, corona radiata samples revealed D1 properties greater thath white matter regions tested, with the degree of anisotropy
D2. correlated with local neuroarchitecture. Third, brain tissue proper-
Although the corpus callosum region studied has a highly offres are age-dependent, with infant tissue being approximately
ented, uniaxial structure, the corona radiata region also inC'Uqﬁ\ﬁce as stiff as adult tissue. Fourth, a modified Ogden hyperelas-
fibers that extend perpendicular to the major axis. A high propaic formulation is an effective material model for brain tissue un-
tion of these off-axis fibers would result in an increase in Ddlergoing large deformations in either shear or compression. Fifth,
modulus and decrease in D2 modulus. In fact, D1 properties of t@sh porcine and human brain tissues are approximately four to
corona radiata were indeed stiffer than those of the corpus calten times less stiff than previous reports in the literature for au-
sum and the D2 properties of the corona radiata are less stiff thapsy specimens. These large strain, regional, directional, and age-
corpus callosum. Thus, development and examination of a mulipecific data should enhance the biofidelity of computational mod-

axial composite model would be more suitable for the corongs and provide important information regarding the mechanisms
radiata. The next step is to develop an anisotropic testing protoggltraumatic brain injury.
and material model to accurately describe the white matter tissue
response to more complex deformations. Acknowledgments
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