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Are in vivo and in situ brain tissues mechanically similar?
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Abstract

Brain tissue mechanical properties have been well-characterized in vitro, and were found to be inhomogeneous, nonlinear
anisotropic and influenced by neurological development and postmortem time interval prior to testing. However, brain in vivo is a
vascularized tissue, and there is a paucity of information regarding the effect of perfusion on brain mechanical properties.
Furthermore, mechanical properties are often extracted from preconditioned tissue, and it remains unclear if these properties are
representative of non-preconditioned tissue. We present non-preconditioned (NPC) and preconditioned (PC) relaxation responses of
porcine brain (N = 10) obtained in vivo, in situ and in vitro, at anterior, mid and posterior regions of the cerebral cortex during
4 mm indentations at either 3 or 1 mm/s. Material property characteristics showed no dependency on the site tested, thus revealing
that cortical gray matter on the parietal and frontal lobes can be considered homogenous. In most cases, preconditioning decreased
the shear moduli, with a more pronounced effect in the dead (in situ and in vitro) brain. For most conditions, it was found that
only the long-term time constant of relaxation (t > 20s) significantly decreased from in vivo to in situ modes (p<0.02), and
perfusion had no effect on any other property. These findings support the concept that perfusion does not affect the stiffness of

living cortical tissue.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Computational models of traumatic brain injury
(TBI) can play an important role to supplement animal
models, human surrogate and patient studies in identi-
fying mechanisms of TBI. Relative influence of brain
mass, load magnitude, contact surfaces and protective
interventions can be explored relatively easily by
modifying the computational simulations (Huang et al.,
2000; Kleiven and von Holst, 2002; Klinich et al., 2002).
However, the accuracy of these simulations is strongly
dependent on the assumptions and approximations used
to model brain tissue material properties.

Brain tissue, composed of white and gray matter, is a
complex material. Gray matter of the cerebral hemi-
spheres consists of a mixture of neuronal cell bodies,
their unmyelinated processes and neurogilia. White
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matter, found in subcortical regions, consists of
myelinated axonal fibers surrounded by supporting cells
(oligodendrocytes, astrocytes, ependyma and microglia)
and blood vessels. Mechanical properties of brain tissue
have been measured in vitro under compression,
tension, shear and oscillatory loading (Ommaya, 1968;
Galford and McElhaney, 1970; Shuck and Advani,
1972; Mendis et al., 1995; Bilston et al., 2001; Miller and
Chinzei, 1997, 2002; Prange and Margulies, 2002).
Generally, brain tissue is a nonlinear, viscoelastic
material. Properties have been shown to vary over
10-fold depending on the different testing methods and
parameters (e.g., loading rates, strain magnitudes),
location, orientation and preparation of samples, inter-
species differences, developmental age, and importantly,
on postmortem conditions. Postmortem, brain tissue
begins to deteriorate and at room temperature (23°C)
alterations in neurofilament proteins can be detected
only beyond 6 h after death (Fountoulakis et al., 2001).
Considering that mechanical properties usually follow
material composition and structure (Fung, 1993),
postmortem proteolysis is likely to alter the mechanical
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characteristics of brain tissue following 6 h from the time
of death.

It has been hypothesized that the pressurized vascu-
lature of the brain plays an important role in determin-
ing its mechanical properties in vivo, and simple finite
element (FE) computational simulations were presented
to demonstrate that the presence of a pressurized vessel
in a tissue specimen might be expected to increase
apparent tissue stiffness (Bilston, 2002). However, only
very limited information is available regarding the
nature of brain material behavior in vivo that might
be used to support or reject this theory. Specifically,
Metz et al. (1970) defined a “pumping modulus”—a
measure of mechanical resistance of the brain tissue
to expansion of a balloon catheter in rhesus monkey’s
brain. When the balloon was inflated in vivo and then 5,
20, and 45 min after death, they demonstrated decrease
in the pumping modulus postmortem. However, their
report does not specify the number of animals that were
tested, the loading parameters (e.g., rate of deformation)
or demonstrate any evidence of reproducibility.
Most recently, Miller et al. (2000) performed one
indentation on the exposed living brain of one animal
(pig), and presented properties that were of the same
order as properties obtained in vitro. Taken together,
these studies underscore the paucity of information
regarding the effect of perfusion on brain mechanical
properties, and the ambiguity regarding the appropri-
ateness of using in vitro properties of fresh brain
tissue to represent a living brain in computer models
of the head.

As with classic engineering materials, soft tissues
are normally preconditioned prior to measurements
of material properties. Specifically, for tissues that
undergo cyclic loading in vivo (e.g., ligaments, tendons,
cartilage, myocardium, and the Iung parenchyma),
preconditioning is intended to put them in an in vitro
loading state simulating the one in vivo. More generally,
tissue preconditioning is applied to obtain a stable
reproducible response and, consequently, to reduce
the statistical variability of the measurements (Fung,
1973, 1993). However, if the response of interest is to a
single large perturbation (as in TBI), the appropriate-
ness of preconditioning for brain tissue remains under
debate.

The present study was designed to determine, by
means of high-precision indentation testing, (1) the
mechanical behavior of an in vivo brain (with its
pressurized vasculature) and compare it to that of an
in situ brain, (2) the effect of preconditioning on in vivo
and in situ brain tissue, (3) the effect of the mechanical
boundary conditions imposed by the skull in situ on
measured mechanical properties with respect to the
in vitro (excised brain) condition and (4) the sensitivity
of indentation measurements to small changes in
velocity of penetration.

2. Methods
2.1. Indentation testing

Indentation is a well-established method for mechan-
ical characterization of many soft tissues such as brain
(Miller et al., 2000), muscle (Vannah and Childress,
1996), lung parenchyma (Lai-Fook et al., 1976) and the
plantar fat pad (Gefen et al., 2001). Briefly, an indentor
is pressed against the tissue and shear moduli are
calculated from the applied load and extent of tissue
deflection. In this study, an electromechanical compu-
ter-controlled indentor (Fig. 1) comprised of a miniature
linear stepper motor (with minimum displacement of
0.0032mm), force transducer (with load capacity of
150g) and a linear variable displacement transducer
(LVDT) was used to repetitively indent the exposed
brain tissue. The indentor tip was machined to a
hemisphere to reduce micro-tears in the delicate brain
tissue at the sites of indentation.

In order to maximize accuracy of the indentation
method for soft tissue characterization, Zheng et al.
(1999) recommended that the indentor’s tip radius R
should be no more than 25% the thickness of the tested
tissue sample. This criterion also ensures that unin-
tended misalignment of the indentor smaller than 12.5°
will have negligible effect on the measured properties.
Hence, for testing piglet brains with a typical thickness
of 2-3cm, we selected the indentor’s radius R to be
2mm. A constant depth of penetration, 6 = 4 mm, was
used across all studies. To determine the sensitivity of
measured shear moduli to the rate of penetration and
cortical sites, two speeds of indentation were included
(3 and 1mmy/s), and three sites per brain hemisphere
were selected.

For indentation of an elastic half-space, the shear
modulus G (MPa) of the brain tissue is obtained using
Lee and Radok’s (1960) solution for a rigid hemisphe-
rical indentor:

G__ 3P
165+/RS

where 6 (mm) is the indentation depth of a smooth rigid
sphere with a radius R (mm) into the tissue due to action
of aload P (N). To employ this relation, brain tissue was
idealized as homogenous and isotropic (Miller et al.,
2000; Prange and Margulies, 2002).

A small indentation relative to the contact area is
most appropriate for the small deformation assumptions
used in the Lee and Radok (1960) solution for the
spherical indentation problem (Eq.(1)). However, a
larger penetration depth (6 ) produces greater contact
forces (P) and hence, improves the ‘signal-to-noise-
ratio” of the measurements. This was specifically
important for acquisition of in vivo brain data, where
cardiac fluctuations were present in the relaxation decay
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Fig. 1. Scheme of the electromechanical indentor and linked instrumentation.

phase. To optimize signal quality and validate extra-
polation of the theoretical solution of Lee and Radok
(1960), we conducted experimental studies which com-
pare the present indentation method with independent
measurements made in compression.

Specifically, we computed shear moduli G (using
Eq. (1)) of a linear viscoelastic silicone gel (“‘Sylgard™,
Dow Corning, Midland, MI, Arbogast et al., 1997) from
P and 6 measurements that were obtained with our

indentation system, using indentation depth of 4 mm
and indentor velocities of 3 and 1 mm/s (identical to our
piglet brain testing protocol). We compared these shear
moduli with shear moduli of the gel that were obtained
using standard uniaxial compression measurements.
Cubic gel specimens (face length 2 cm) were compressed
between 2 lubricated (free slip) surfaces at a rate of
I mm/s to deformation of 25% (N = 3). Force, change
in thickness, cross-sectional area and gage thickness
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were measured, and stress and strain calculated. The
response of the gel was nearly linear (R*>=0.99),
and elastic modulus was computed as the slope of the
stress—strain relationship. Poisson’s ratio v of the gel,
calculated using the deformed dimensions at the
compressed condition, was 0.44+0.02. Using the rela-
tion G = (E/2)/(1 + v) where G and FE are the shear and
elastic moduli of the gel, respectively, we calculated the
shear modulus of the gel from compression experiments
to be 765+44Pa. The rigid indentor experiments were
conducted on the same gel material, using a process
identical to our piglet brain testing protocol: indentation
depth of 4mm, tip radius of 2mm, and indentor
velocities of 3 and 1mm/s. Comparison between the
two rates of indentation showed that short-term shear
moduli obtained at indentation velocities of 3 mm/s
(N=4) and 1mm/s (N =4) were indistinguishable
(p = 0.84 in a 2-sample, 2-tails 7-test), so the indentation
data were pooled. The average shear modulus for the gel
that was obtained with indentation was 763 +62 Pa.
Because shear moduli obtained using these two separate
methods were indistinguishable (»p = 0.97 in a 2-sample,
2-tails z-test), we concluded that extension of the Lee
and Radok (1960) solution to calculate shear modulus
from piglet brain indentations up to 4 mm in depth with
a 2mm radius indentor is valid.

Stress relaxation indentation experiments on brain
tissue consisted of rapid penetrations, which were then
held in position while the resisting tissue forces were
measured. For viscoelastic materials such as brain
tissue, the load, P, decreases with time to an asymptote
during the “hold” period, producing a time-dependent
relaxation function, G(¢). Ideally, for a step indentation,
an instantaneous shear modulus Gy can be calculated
from Eq. (1) by using the peak, or instantaneous load Py
measured immediately at the start of the “hold” period.
An asymptotic shear modulus G, is defined using the
asymptotic load value, P.. In actual relaxation experi-
ments one cannot apply an instantaneous step indenta-
tion, and likewise, it is impractical to continue a
relaxation test for an infinite period of time. We
therefore define a short-term shear modulus G; that is
calculated from Eq. (1) by substituting the peak force
measured immediately after a ramp indentation with a
finite rise time (of 1.3 or 4s for rates of 3 and 1 mm/s,
respectively). Similarly, we define a long-term shear
modulus G?O calculated from the average plateau
portion of the relaxation decay between 85 and 90s
after the indentation ramp was applied (equivalent to
125 data points). To distinguish short-term moduli G
obtained for penetration rates of 3 and 1mm/s, we
denoted them with the ramp rise time (s), as G!* and G2,
respectively.

For hydrated soft tissues, the transient response
G(f) can be approximated by a discrete spectrum
(Tschoegl, 1989; Suh and Bai, 1998; DiSilvestro and

Suh, 2001):

N
G =G+ _ Gee '™, )

k=1
where G(0) = G; and G(oo) = G;. In a preliminary
analysis, values of N = 1,2,3 were examined by fitting
the “hold” period of the experiments to Eq. (2) (Matlab
6.0, Mathworks). Two exponentials (N = 2) provided a
very good fit, both statistically (R?>0.95) and visually.
No appreciable gain in accuracy was achieved when
extending Eq. (2) to three exponentials. We therefore
used Eq. (2) to compare the time course of brain tissue
relaxation between the in vivo, in situ and in vitro
experimental modes.

2.2. Experimental design

Properties were obtained in the pig, a species which
was used in other recently published measurements of
fresh brain properties in vitro (Arbogast and Margulies,
1999; Miller and Chinzei, 2002; Prange and Margulies,
2002). Short- and long-term shear moduli as well as
relaxation time courses G(¢) of brain tissue were
measured in 4-week-old piglets (N = 10) in vivo, in situ
and in vitro. Previously we demonstrated that in vitro
properties obtained from a 4-week-old piglet were
statistically indistinguishable from those from an adult
(< 1-year-old) pig (Prange and Margulies, 2002). The
experimental protocol was approved by the Institutional
Animal Care and Use Committee of the University of
Pennsylvania. One piglet died during the induction of
anesthesia and was used immediately to acquire data in
situ and in vitro. Complete sets of data were obtained
from all other 9 piglets. The experimental protocol was
identical for all animals.

Anesthesia was induced by intramuscular (IM) injec-
tion of ketamine (20mg/kg), xylazine (2mg/kg) and
atropine (0.02mg/kg), and maintained using 2-4%
isofluorane via snout mask. Animals were then intu-
bated and ventilated via an endotracheal tube (at a rate
of 15-25 breaths/min and tidal volume of 70-80cm?),
and isofluorane was reduced to a maintenance level of
1-2.5%. Muscular paralysis was induced (pancuronium,
0.3mg/kg IV) to prevent spontaneous breathing at-
tempts and mechanical ventilation was provided (Ho-
ward Apparatus, tidal volume 7-12 ml/kg). Thus, brain
motion due to breathing maneuvers could be halted for
short periods (<205s) of data recording by turning the
ventilator off. Heart rate, mean arterial pressure (MAP),
O, saturation and rectal temperature were monitored
and recorded every 15-30min during the in vivo
measurements and averaged values of these parameters
are listed in Table 1. Half-normal saline (0.45% sodium
chloride) was administrated intravenously in a 5ml
bolus, every 15-20 min.
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The scalp was reflected via a midline incision.
Bilateral cranial windows of approximately 5 by 2.5cm
were created using a rotating diamond-coated disk saw
(Dremel) and the dura under these windows was
carefully reflected with fine surgical scissors. Within
each window, three sites were selected for indentation—
at the anterior, middle and posterior cortical regions.
Sites were marked prior to in vivo, in situ and in vitro
indentations with a permanent color marker, photo-
graphic records were obtained for each animal and the
coordinates of the selected sites were measured with
respect to the boundaries (Fig. 2). The indentor’s tip was
lubricated with thin layer of surgical gel to prevent
adhesion of brain tissue to the metal probe and allow
free slip of the tissue during deformation. Tissue was
maintained moist at all times using spray of saline.
Body-support temperature of the animal (operation
table temperature) was kept constant at 38°C using
a heating pad while in vivo and in situ measurements
were taken. At the end of each day of experiments, a

Table 1
Physiological parameters for the in vivo phase of experiments (N = 9)

Parameter Mean =+ standard deviation

Heart rate 168 +30 bpm

Mean arterial pressure 84416 (systole)/36+ 8 (diastole) (mmHg)
Sa0, 9942%

Temperature 36+1°C

Fast Indentations (3 mm/s)

1343

calibration curve was produced for the force transducer
by delicately lowering it against the calibrated center of
a high-precision digital scale (with resolution of 0.01 g).

The indentor was positioned using its fine system of
adjustment (Fig. 1) until delicate contact was made with
the surface of the exposed brain tissue (Fig. 3a), as
determined by monitoring the force transducer’s signal
on an oscilloscope. The cortical surface was indented at
3mmy/s (left cranial window) or 1 mm/s (right window)
to a depth of 4mm, and held for 90s during which
brain-indentor contact force data were continuously
acquired on a computer at 25 Hz (LabView 61, National
Instruments). The order of indentation into anterior,
mid and posterior sites as well as the selection of which
brain hemisphere (left/right) to test first were rando-
mized across animals and through the in vivo, in situ,
and in vitro phases of experiments. Each 4 mm indenta-
tion was performed 6 times at a site, to acquire non-
preconditioned (NPC) as well as preconditioned (PC)
data of G(r). The first indentation maneuver was
designated as the non-preconditioned indentation run.
According to Carew et al. (2000), preconditioning
without adequate rest periods between subsequent
loading cycles increases predictive errors, and therefore,
a pause of 45s between subsequent test runs was used to
allow elastic recovery of the tissues. For the in situ and
in vitro testing modes, deformation of the tissue was
never fully recovered during this 45s pause. However,
for the in vivo mode, reperfusion during the 45s pauses

Slow Indentations (1 mm/s)
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Fig. 2. Averaged coordinates of sites of indentation into the brain tissue within the left and right cranial windows, in vivo. Length dimensions are

in mm.
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Fig. 3. Indentation testing: (a) for the in vivo and in situ phases, the head was fixed under the indentor’s tip and the indentor was lowered to create
delicate contact with the exposed brain tissue (magnification of the indentation region is shown on the right); (b) at the last phase of the experiment,

the brain was scooped out of the skull and tested in vitro.

did seem to partially recover the tissue deformation in
some cases. Thus, in order to allow consistent measure-
ments and subsequent comparisons between in vivo, in
situ and in vitro experimental modes, the indentor
position was never re-adjusted between preconditioning
cycles #2—6. During acquisition of the NPC and the two
last PC load-relaxation data sets (runs 5 and 6),
ventilation was stopped twice, for 15-20s during the
ramp and early “hold” period, when peak forces are
produced, and again at the last portion of measurement,
when long-term loads were recorded.

In order to determine the role of the brain’s
pressurized vasculature on brain tissue stiffness, we
compared load-relaxation data of living and dead brain
tissues. We defined the in situ condition as that where
the brain was still within the braincase (i.e., under the

same mechanical boundary constraints), but animals
had been sacrificed using overdose of pentobarbital
delivered intravenously. Death was verified by cessation
of heartbeat and the recording of zero MAP for 30s.
Center-points of indentations in situ were adjacent
(within ~5mm) to those selected for in vivo measure-
ments, to ensure that the first in situ run could be
considered non-preconditioned. The above procedure of
indentations was then immediately repeated in full.
The last phase of the experiment was designed to test
the influence of boundary conditions imposed by the
skull on the indentation measurements. The cerebrum,
cerebellum and brainstem were removed en bloc, and
placed on a lubricated plastic plate (with surgical gel) to
allow unconfined motion. The complete indentation
testing protocol was again repeated in vitro (Fig. 4b).
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Fig. 4. Representative load—-relaxation curves obtained for indentation in vivo at rates of (a) 3mm/s and (b) | mm/s. Only the non-preconditioned 1st
loading cycle and the preconditioned 5th and 6th cycles are shown, since during these cycles the ventilator was stopped, and further analysis of shear
moduli and response was performed. Two patterns of response to preconditioning were observed in vivo. In most of the preconditioning maneuvers
in vivo, short-term G, and/or long-term G?O shear moduli decreased with preconditioning (a) but in about 20% of the cases, both increased (b).
Dashed lines on the 6th cycles show double-exponential curve fitting to the experimental data (Eq. (2)).

Once more, center-points of indentation were shifted by
~5mm adjacent to the in vivo and in situ test sites so
that a naive (non-preconditioned) tissue could be
indented for the first loading cycle.

The time duration for completion of the in vivo
phase of experiments (mean+standard deviation) was
183 +43 min (from induction of anesthesia to euthana-
sia), the in situ phase took 144+27min to complete
and the in vitro phase required 142+ 17 min. Hence,
all the in situ and in vitro tests were completed within a
6-h timeframe, and no significant postmortem proteo-
lysis is expected to have occurred (Fountoulakis et al.,
2001).

Properties were extracted from 54 load-relaxation
responses (Figs. 4-6) obtained from each animal’s brain
(3 preconditioning cycles [1st, Sth and 6th runs] x 3 sites
x 2 rates X 3 test modes [in vivo, in situ, in vitro]).
Excluding signals where the ventilator was on, a double-
exponential relaxation function (Eq. (2)) was fitted to
each relaxation response obtained for the 1st (NPC), Sth
and 6th indentation runs. The quality of each fit was
visually tested, thus verifying that use of Eq. (2) with
two exponential forms was sufficient to achieve very
good fit to our data (R>~0.99 for the in situ and in vitro
modes and R*>~0.95 for the in vivo mode, dashed line in
Figs. 4-6).
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Fig. 5. Representative load-relaxation curves obtained for indentation in situ at rates of (a) 3mmy/s and (b) I mm/s. Dashed lines on the 6th cycles
show double-exponential curve fitting to the experimental data (Eq. (2)).

2.3. Statistical analysis

Analysis of variance (ANOVA) was performed on the
pooled calculated G!3 and G?* data sets (Systat v10.2) in
a four-factor design: testing mode (in vivo, in situ or
in vitro), indentation speeds (3 or 1 mmy/s), cortical site
(anterior, mid or posterior) and test run (1st [NPC], 5th
and 6th loading cycles). The ANOVA was repeated for
G}°. Given that testing mode and test run significantly
influenced each shear modulus type (as further described
in Section 3), separate Tukey—Kramer tests for multiple
comparisons were performed on the NPC and PC
measurements to determine differences between in vivo,
in situ and in vitro test modes. Power analyses (2-
sample, equal variance, o« = 0.05, 0.9 power) were also
run to determine minimal detectable differences in
comparisons between in vivo and in situ moduli,
estimating the biological variance in shear moduli as
the mean of the in vivo and in situ data set variances. In
addition, to evaluate whether the magnitude of pre-

conditioning effect was similar across the in vivo, in situ
and in vitro modes, we divided the NPC values by the
fully PC values obtained for each testing mode, and
analyzed the differences in these property ratios across
modes by one-way ANOVA and by Tukey-Kramer
tests for multiple comparisons. Furthermore, we per-
formed t-tests comparing NPC-to-PC property ratio
values obtained at each mode with the null hypothesis
(ratio equal to 1.0) in order to determine whether
preconditioning significantly altered the values of G
and G°.

In order to study differences in time courses of
relaxation G(7) between testing modes (in vivo, in situ
and in vitro) at different speeds, sites, and with/without
preconditioning, the coefficients of Eq. (2) (i.e., Gy, Go,
71, 7) that were determined from each individual test
were also evaluated using a 4-factor ANOVA (mode,
speed, site, and run). Four separate Tukey—Kramer tests
(for each of 2 speeds, and for NPC and PC runs) were
then conducted on each G(f) coefficient to determine
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Fig. 6. Representative load-relaxation curves obtained for indentation in vitro at rates of (a) 3mmy/s and (b) 1 mm/s. Dashed lines on the 6th cycles
show double-exponential curve fitting to the experimental data (Eq. (2)).

differences between test modes (in vivo, in situ, in vitro).
Because we found significant interaction effects between
indentation speed and other factors (mode, run) in our
initial ANOVA for these G(¢) coefficients, we conducted
additional six separate 1-way ANOVA tests (3 modes
and either NPC or PC data) on each coefficient to
compare between 3 and 1mm/s indentation speeds.
Finally, we compared G(¢) coefficients of the NPC and
PC runs in six separate 1-way ANOVA tests (3 modes at
2 speeds).

For all the above tests, a p-value lower than 0.05 was
considered significant.

3. Results

For each of the 3 sites for slower penetration and 3
sites for faster penetration tested in vivo, in situ and
in vitro, load-relaxation curves were recorded and

mechanical properties were extracted for the 1st, 5th
and 6th preconditioning cycles (i.e. for 54 relaxation
curves per animal). Typical relaxation curves are
presented in Figs. 46 for the in vivo, in situ and
in vitro modes, respectively. The influences of heartbeat
and where applicable, of ventilation, on the in vivo
response are apparent, however, it did not pose any
difficulty in fitting Eqgs. (1) and (2) to the data.

The 4-factor ANOVA (for mode, test run, speed and
site) showed that all shear moduli were significantly
dependent on the testing mode (p<«0.01) and test run
(p«0.01), but neither modulus depended on speed
(p = 0.30 for pooled G!* and G%, p=0.21 for G)) or
site (p = 0.16 for pooled G!* and G?, p = 0.19 for G)).
Hence, data could be averaged across speed and across
site, and all short-term moduli were therefore denoted
G,. Subsequently, a more focused two-factor (mode, run
[Sth and 6th cycle]) ANOVA was performed separately
for G, and G?O to determine whether shear modulus
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Fig. 7. Non-preconditioned (NPC) and preconditioned (PC) shear
moduli of 4-week-old porcine brain tissue in vivo, in situ and in vitro
obtained using the indentation method: (a) short-term G, and (b) long-
term G,90 shear moduli. Results are averaged for rate (3 and 1 mm/s)
and site (anterior, mid, posterior regions) factors, for which moduli
were shown to be statistically similar.

measurements had been stabilized by the 6th loading
cycle. Although the effect of mode was still significant,
run (5th or 6th) did not affect either shear modulus
value significantly (p = 0.94 for Gy and p = 0.81 for
G}°), and we concluded that the tissue was fully
preconditioned by cycle #5. Hence, moduli measured
at the 5th and 6th cycles were averaged together for a
given mode and defined as the fully preconditioned (PC)
moduli values for that mode. Additional 2-factor
ANOVA (mode, run [NPC and PC]) performed
separately for G, and G}° following averaging data of
the 5th and 6th cycles verified dependency of moduli on
both mode and preconditioning (p<«0.01). The means
and standard deviations of NPC and PC shear moduli
G, (Fig. 7a) and G}° (Fig. 7b) for all testing modes show
that short-term moduli were greater than long-term
moduli by factors of 2-3, and that NPC moduli were
greater than PC moduli for all cases but the in vivo G?O.

The Tukey—Kramer analyses across test modes
separately analyzing NPC and fully PC tissue responses
revealed that in vivo values for G, and G}° were
statistically indistinguishable from those in situ
(0.07<p<0.75). According to the power analysis, the

design of the present study was adequate to determine
significant differences between in vivo and in situ
properties for all but the Gy PC condition. Thus, we
cannot exclude a possibility that Gy PC differences
between in vivo and in situ properties might have been
significant in a larger study population. The Tukey—
Kramer analysis also revealed that G, and G° obtained
in situ were significantly larger (p<0.02) than those
obtained in vitro (for both NPC and PC tissues),
indicating that for an indentation depth of 4mm,
confinement of the brain within the skull created a
stiffening artifact in the tissue property measurements
(Fig. 7). Values of G, and G}° were indistinguishable
in vivo and in vitro before preconditioning (p = 0.39 for
G, and p =024 for G°), but after preconditioning,
in vivo properties were significantly stiffer than in vitro
(»<0.01) (Fig. 7).

Two different patterns of response to preconditioning
were typically observed. First, preconditioning dead
tissue (both in situ and in vitro) always resulted in a
significant decrease in values of G, and G°, and so,
NPC-to-PC property ratios were 2.17 and 1.53 on
average, respectively (Figs. 5,6 and 8). Second, in a

G\' NPC / Gx PC

(a) INVIVO IN SITU INVITRO

[X]

*

90 90
1 t\"P('/ G.' PC

(b) IN VIVO I IN SITU ' IN VITRO

Fig. 8. Non-preconditioned (NPC) to preconditioned (PC) property
ratios for 4-week-old porcine brain in vivo, in situ and in vitro for (a)
short-term (Gynpc/Gspc) and (b) long-term (Gipc/Gi%) shear
moduli. It is shown that both in vivo property ratios are significantly
different than the ones of a dead tissue. Asterisk marks property ratios
that were significantly greater than 1.0.
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living tissue, while an increase in G, and G}° values after
preconditioning was demonstrated (Fig. 4b) in a
considerable fraction of measurements (20% of the
in vivo measurements showed increase in G, with
preconditioning, and 56% showed increase in G}°), the
remainder decreased after preconditioning. As a result,
the NPC-to-PC property ratios obtained for G, and G°
in vivo were smaller than for dead tissue, 1.42
(significantly greater than 1.0) and 0.94 (not significantly
different than 1.0), respectively (Fig. 8). Hence, pre-
conditioning did not affect the value of the long-term
shear modulus of the living brain. Reasoning that the
extent of the tissue’s response to preconditioning may be
influenced by perfusion, we examined Tukey—Kramer
tests of the NPC-to-PC property ratios, comparing
living and dead (in situ and in vitro) testing modes.
Accordingly, NPC-to-PC property ratios in vivo were
significantly less than those in situ and in vitro for both
G, and G}° (p<0.003), confirming that preconditioning
effects are significantly less prominent in vivo.

Each experimental relaxation response obtained for
the 1st, 5th and 6th loading cycle was fit to a double-
exponential function (Eq. (2)). The difference between
measured G}° (averaged for the terminal 5s of
measurement) and corresponding values obtained from
curve fitting (Eq. (2)) did not exceed 12%, and was 2%
on average, indicating that Eq. (2) adequately repre-
sented the data. A 4-factor ANOVA (for mode, test run,
speed and site) for each coefficient of G(r) revealed that
all coefficient values were dependent on the testing

(in vivo, in situ, in vitro) mode (p<0.001), speed of
indentation (p <0.002) and run (p<0.002). None of the
four G(¢) coefficients was ever dependent on the site of
indentation (p > 0.58), and so, values could be averaged
across sites. In a manner described earlier for Gy and
G}°, cycles #5 and #6 were shown to be statistically
indistinguishable (p >0.95) and hence, values for runs
#5 and #6 were averaged and designated as the fully
preconditioned (PC) values. Mean values and standard
deviations of the coefficients of G(¢) are presented in
Table 2. The short-term t; and long-term 7, time
constants were generally in the same range across the
in vivo, in situ and in vitro testing modes, and about an
order of magnitude apart, i.e.,, 1;~1.8 and 1,325
(means).

Tukey—-Kramer tests performed separately for the
coefficients Gy, G, 71, T2 revealed differences across test
modes (in vivo, in situ, in vitro) only for the long-term
time constant of relaxation 1, (Table 3). We found that
7, significantly decreased between in vivo and in situ in
all cases (p<0.02) but the NPC slow indentations
(values specified in Table 2). All other coefficients were
statistically indistinguishable between in vivo and in situ
test modes. One-way ANOVA analyzing the effect of
the indentor’s speed on G(¢) (given the same mode and
preconditioning status) indicated that in vivo, an
increase in the indentor’s speed consistently increased
the long-term relaxation time 7, (p <0.02) and decreased
its coefficient G» (p<0.013). The long-term time 1,
decreased with preconditioning at slow indentations in

Table 2

Parameter values (mean +SD) for brain tissue’s relaxation functions of the form: G(f) = Gy e /% + Gy e™ /2 + G,

Test mode Rate (mm/s) G (Pa) 71 (8) G, (Pa) 72 (8) G; (Pa)

NPC PC NPC PC NPC PC NPC PC NPC PC

In vivo 1 430+134 245492  1.82+0.72 2.86+0.79 405+78 201435 29.8+10.6 42.5+19.7 717+174 7914205
3 493+152 3254131 2.28+1.01 1.56+0.65 306+64 144+69 41.7+8.5 64.1+28.2 647+272 655+337

In situ 1 5994148 245+85 2.19+1.08 1.70+0.44 402481 180+57 28.5+4.0 23.5+3.1 9074371 5644248
3 623+278 2844145 1.3940.23 1.204+0.33 333+116 175491 27.04+2.0 24.54+4.1 9244594 544+350

In vitro 1 365+95  140+43  2.074+0.84 1.204+0.40 320+79 1334+40 264+44 20.1+6.3 473+144 321+83
3 442+121 197460 1.72+0.65 1.62+0.53 283+67 119430 26.6+53 27.5+8.3 450+168 325497

NPC = non-preconditioned and PC = preconditioned.

Table 3

Factors affecting the short-term shear modulus (Gy), long-term shear modulus (Gy) and time course coefficients of the relaxation response (G, G», 11,
71) of brain tissue, analyzed by means of multi-way ANOVA and Tukey—Kramer statistical tests

Factor Gy G, T T G, G*

Site NS NS NS NS NS NS

Speed PC in vitro only™ In vivo only* PC in situ only™ In vivo, PC in vitro* NS NS
Preconditioning * * Slow in vitro only™ Slow in vitro, slow in situ, fast in vivo* *  In vitro, in situ™
Perfusion (in vivo vs. in situ) NS NS NS Fast NPC, fast PC, slow PC* NS NS

Skull case(in situ vs. in vitro) Slow PC only* NS NS NS *oox

NPC = non-preconditioned, PC = preconditioned, NS =not significant, *Significant (p <0.05).

#From asymptotic experimental data.
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situ (p<0.02) and in vitro (p <0.02), but increased at fast
indentations in vivo (p <0.04).

4. Discussion

This experimental study is the first to comprehensively
examine whether mechanical characteristics of a living
brain tissue are different than in situ or in vitro
properties. It also presents the first experiments to
quantify the effects of preconditioning on in vivo and in
situ brain tissue. It was found that only the long-term
time constant of relaxation (t3) significantly differed
(decreased) between in vivo and in situ. The mechanical
response of a living brain to preconditioning (in terms of
NPC-to-PC property ratios calculated for the Gy and
G} shear moduli) was different than that presented by a
dead tissue. Variation of the speed of indentation
between 3 and 1 mm/s did not affect the short- and
long-term shear moduli, however, it influenced the time
course of the relaxation response G(¢).

The in vivo and in situ portions of the experimental
design were conducted with identical mechanical
boundary conditions regarding the brain confinement
within the braincase. In addition, measurements in situ
were taken immediately after cessation of heartbeat
and concomitant loss of cerebral perfusion pressure.
The data demonstrated no significant difference with
perfusion pressure in any properties, under any condi-
tion (neither speed, site, nor run), except for 7, (for
all cases but slow NPC, see Table 3). These data agree
with the single porcine cortical indentation run per-
formed by Miller et al. (2000) but disagree with the
limited “pumping modulus” findings of Metz et al.
(1970) in deeper brain structures, perhaps because of
the differences in regions tested. Thus, we conclude that
the pressurized vasculature of the brain does not
contribute in a comprehensive way to the mechanical
properties of cortical brain tissue. The present findings
may be the result of a very small cerebral blood volume
(CBV) fraction, ~2% in piglets (Firbank et al., 1998)
and ~4% in gerbils (Thomas et al., 2001). Blood
volume fraction is only a small portion of the total
fluid volume fraction (~83%) in the cerebral cortex
(Mraovitch et al., 1983). These findings contradict the
predictions of a 1-2 times stiffening in a simple two-
dimensional (2D) numerical simulation of the perfusion
of an idealized single blood vessel within a homogenous
tissue bulk (Bilston, 2002). However, in those simula-
tions, blood occupied ~10-30% of the simulated tissue
specimen’s area (see Fig. 4 in Bilston, 2002), much
greater than the actual overall CBV fraction for brain
tissue. We cannot discount the possibility that tissue
regions with higher local CBV fractions might have
significant differences between in vivo and in situ
conditions.

Another recent paper, by Zhang et al. (2002),
addressed the question whether the vascular tree of the
brain should be explicitly included in FE simulations of
TBI. The walls of the cerebral blood vessels, with elastic
moduli in the range of 1-10 MPa (Monson et al., 2000),
are stiffer than brain parenchyma by several orders of
magnitude. Accordingly, the 2D simulations of Zhang
et al. (2002) demonstrated that vessel walls, rather than
the perfusion pressure, may be the significant vascular
contributor to the brain’s mechanical stiffness and
strength. However, their idealization of the 3D vascular
tree as a 2D structure composed of straight beams could
have introduced artificial stiffening of the brain-vascu-
lature composite. The present study characterized the
intact brain organ, including the intact vascular tree,
and the long-term shear moduli for porcine gray matter
were on the same order (100’s of Pa) as those obtained
previously from in vitro specimens without large vessels
(Prange and Margulies, 2002). We therefore conclude
that the present experimental data do not support the
theoretical hypothesis of Zhang et al. (2002). Because
the stiffness determined for brain tissue in FE models
may dramatically affect the conclusions regarding injury
criteria (e.g., see Table A2 in Klinich et al.,, 2002,
summarizing a parametric FE study of brain deforma-
tions during impacts caused by motor-vehicle crashes), it
is critical to validate the effective stiffness of brain
material in FE studies with respect to effective stiffness
of fresh brain tissue (Kleiven and Hardy, 2002).

Comparison of the in situ and in vitro properties
obtained in the present study yield insight into the
contribution of the braincase to the mechanical proper-
ties obtained with indentation. While the transient
properties were relatively unaffected (Table 3), both G;
and G;° moduli decreased in vitro compared with in situ
measurements. Hence, we conclude that the confinement
of the brain within the skull affected the values of
properties measured using indentation to a depth of 4 mm.

Because most of the brain’s mechanical properties are
unaffected by perfusion pressure, the present study
suggests that the brain’s mechanical characteristics
could be characterized in vitro, in a manner free from
boundary conditions or test mode artifacts. Examples
for in vitro experiments tailored to extract parameters of
brain’s material models include the hyperviscoelastic
model by Miller and Chinzei (1997) identified based
on uniaxial compression tests, and the Ogden hyper-
elastic model with energy dissipation by Prange and
Margulies (2002) based on shear tests, and validated in
compression.

A review of the mechanical properties of human and
animal brains (Ommaya, 1968; Galford and McElhaney,
1970; Shuck and Advani, 1972; Mendis et al., 1995;
Bilston et al., 2001; Miller and Chinzei, 1997, 2002)
shows differences over an order of magnitude in
reported properties (see Table 1 in Thibault and
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Margulies, 1998, who compared properties obtained
using various testing techniques and for different
species). Inter-species variability and testing protocol
differences cannot explain such large discrepancies, and
s0, we suspect that the time for testing postmortem is the
dominant cause for this scatter. Prange and Margulies
(2002) showed that in vitro shear moduli of fresh
porcine gray matter are fairly close (29% greater) to
those of fresh human brain specimens with same harvest
and test mode criteria, and both were an order of
magnitude lower than properties measured in human
cadavers after autopsy (Shuck and Advani, 1972), which
may have occurred days after death. Postmortem
alterations in neurofilament proteins, detectable 6h
after death (Fountoulakis et al., 2001), are likely to
affect the stiffness of cerebral tissue but the course and
extent of these changes are not yet clear. To account for
this effect, only properties measured in fresh (or nearly
fresh) brain tissue are comparable. Therefore, the
present G190 in vitro measurements were compared with
the recent Gj results of Prange and Margulies (2002)
who tested fresh porcine gray matter (4-week-old)
in vitro using a custom-designed humidified parallel
shear-testing device. The agreement between their
in vitro results obtained at 5% shear strain (Fig. 3 in
Prange and Margulies: G; ranged between 150 and
300 Pa) and the present in vitro indentation measure-
ments (325+81 Pa, Fig. 7b) is very good.

Examination of relaxation data acquired for three
different sites on the brain’s cortex (anterior, mid,
posterior) showed no dependency of the tissue’s shear
moduli or time course coefficients on the site being
examined, for both living and dead tissues. Thus,
parietal and frontal lobe cortex can be considered
homogenous in biomechanical analyses of TBI.

For the dead brain tissue, both in situ and in vitro,
preconditioning always reduced the values of G;, G, Gy
and G}° (Table 2 and Fig. 8). This behavior is similar to
test results obtained for other excised tissue specimens,
e.g., ligaments (Funk et al., 2000). In vivo, however, the
effect of preconditioning was less consistent: G, and G,
always decreased after preconditioning, but G,90 did not
change significantly (Fig. 8b), and the decrease in G, was
less than the ones in situ and in vitro (Fig. 8a). The
short-term time constant t; was rarely affected by
preconditioning, while the long-term constant 7, sig-
nificantly increased (for fast indentations in vivo) or
decreased (for slow indentations in situ and in vitro)
with preconditioning (Tables 2 and 3). We hypothesize
that this inconsistent in vivo response could have been
caused by measurements where the indentor was
partially obstructing blood vessels. Repetitive loading
could trigger transient local occlusion, followed by an
autoregulated compensatory supramaximal flow with
reperfusion (Schumann et al., 1998). Based on the present
results, autoregulation may be responsible for stiffening

in the mechanical properties of the affected tissue and for
the consequent variability of the in vivo preconditioned
data (simultaneous rise in G, and G}° with precondition-
ing was seen in ~20% of the in vivo studies).

Calculation of the brain tissue’s shear moduli was
based on Lee and Radok’s (1960) solution for the
indentation problem, which assumes that a semi-infinite
bulk of a homogenous isotropic material is orthogonally
indented by a frictionless indentor with a hemispherical
tip (Eq. (1)). We appreciate the limitations of applying
these assumptions for organs such as brain, which in
reality, has non-flat surfaces, and is not large enough to
satisfy the theoretical assumption of a semi-infinite half-
space. Fortunately, friction between the indentor and
the brain surface in our experiments is assumed to be
negligible, because surgical gel was used to lubricate the
indentor before indentations (special care was taken to
coat the indentor with a very thin layer of lubricant gel
in order to ensure negligible mass effect on the measured
indentation loads). It should be emphasized, however,
that unlike tension/compression and shear tests which
can be performed on homogenous specimens, indenta-
tion allows for mechanical testing of the intact organ
(in vivo and in situ), maintaining the organization and
continuity of its structural elements (e.g., vasculature
and axons). The advantage of the experimental design
therefore outweighs the theoretical limitations.

Mechanical characteristics showed no dependency on
site of measurement while testing both living and dead
cortical gray matter, indicating that cortical gray matter
in the regions tested can be considered homogenous. In
most cases, preconditioning decreased the shear moduli,
with a more pronounced effect in the dead (in situ and
in vitro) brain. Finally, we find that most of the
mechanical characteristics were statistically indistin-
guishable in vivo and in situ, supporting the concept
that perfusion does not affect the stiffness of living
cortical tissue.
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