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a b s t r a c t

Characterizing the dynamic mechanical properties of brain tissue is deemed important for developing a
comprehensive knowledge of the mechanisms underlying brain injury. The results gathered to date on
the tissue properties have been mostly obtained in vitro. Learning how these results might differ quan-
titatively from those encountered in vivo is a critical step towards the development of biofidelic brain
models. The present study provides novel and unique experimental results on, and insights into, brain
biorheology in vivo, in situ and in vitro, at large deformations, in the quasi-static and dynamic regimes.
The nonlinear dynamic response of the cerebral cortex was measured in indentation on the exposed fron-
tal and parietal lobes of anesthetized porcine subjects. Load–unload cycles were applied to the tissue sur-
face at sinusoidal frequencies of 10, 1, 0.1 and 0.01 Hz. Ramp–relaxation tests were also conducted to
assess the tissue viscoelastic behavior at longer times. After euthanasia, the indentation test sequences
were repeated in situ on the exposed cortex maintained in its native configuration within the cranium.
Mixed gray and white matter samples were subsequently excised from the superior cortex to be sub-
jected to identical indentation test segments in vitro within 6–7 h post mortem. The main response fea-
tures (e.g. nonlinearities, rate dependencies, hysteresis and conditioning) were measured and contrasted
in vivo, in situ and in vitro. The indentation response was found to be significantly stiffer in situ than
in vivo. The consistent, quantitative set of mechanical measurements thereby collected provides a preli-
minary experimental database, which may be used to support the development of constitutive models for
the study of mechanically mediated pathways leading to traumatic brain injury.

! 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Traumatic brain injury (TBI) is a leading cause of death andmor-
bidity in the developed world [1–6]. Understanding the precise
mechanisms through which an external mechanical insult to the
head translates into a local pattern of central nervous system
(CNS) tissue/cell injury is acutely challenging. The challenge is
daunting because the intricate combination of events suspected to
result in TBI occurs at multiple levels: the macroscopic organ level,
mesoscopic tissue level, microscopic cell level and nanoscopic
molecular level. The multiplicity of scales mirrors the diversity of
the physical processes involved. This diversity spans the traditional
fields of science and engineering – from biophysics to medicine,
mechanical engineering to biochemistry, and computer science to
molecular biology. It may be hypothesized that TBI unfolds at the
cell level, mainly as a consequence of the stress/strain constraints

imposed on the CNS cells. A limited number of studies have been
devoted to the investigations of the mechanical properties of single
CNScells [7,8]. Because thecell is a componentof anorganized tissue
structure lying in a complex multi-organ system, how the loading
transients imposed on the brain boundaries translate quantitatively
into local traumatic tissue/cell strain–stress maps remains unclear.
Quantifying the local mechanical impact of these transients on
neural cell ‘‘assemblies’’ at the mesoscopic tissue level in ways that
are both biologically relevant and mechanistically predictive calls
for accurate biofidelic brain models to be developed – i.e. mechani-
cal models that are able to capture the complexities of the tissue
behavior in vivo. While the tissue response has been extensively
characterized in vitro under various modes of deformation (e.g.
shear [9–13], compression [14–19] and tension [16,20–22]), the
availability ofmechanical data on the living tissues remains limited.
Three main experimental techniques have been employed to
quantify brain tissue properties in vivo: magnetic resonance imag-
ing elastography [23–28], surface suction [29] and indentation/local
compression [30–34]. The first technique is noninvasive and may
provide useful estimates of the tissue viscoelasticity in the linear
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range at small levels of deformation. It relies, however, on
calibration procedures and theoretical assumptions whose perti-
nence and accuracy are at times difficult to verify. The last two tech-
niques are invasive but may provide direct measurements of tissue
compliance. Indentation techniques especially have been widely
used to characterize the mechanical response of biological tissues
in their native state [35–40]. A few indentation studies have been
conducted on the cortex of porcine brains in vitro [34,36,41],
in situ [30,34,36] and in vivo [30–34]. Gefen and Margulies [34], in
particular, led the largest scale in vivo study to date by measuring
and comparing the relaxation response of 1 month old swine corti-
ces in vivo and in situ via a 2 mm diameter indenter tip actuated
to 4 mm depth on the exposed cortical surface at velocities of 1
and 3 mm s!1. However, the complex features of the living brain
large strain response – nonlinearities, hysteresis, rate dependencies
– that are critical to developing comprehensive brain models have
not been investigated thus far. The present study provides the first
extensive set of experimental measurements carried out in vivo,
in situ and in vitro on the superior cortex of porcine brains in an ef-
fort to assess and contrast the nonlinear dynamic indentation re-
sponse of the cortex in its three physical states. The experiments
detailed hereafter comprise measurements performed in indenta-
tion (cyclic load–unload and relaxation) on the frontal and parietal
lobes of living and dead porcine brains with a 12.65 mm diameter
hemispherical indenter, to 6 mmdepth over a range of displacement
rates spanning four orders of magnitude (0.12–120 mm s!1 veloci-
ties). The testswere conductedwith a large-range dynamic indenter
able to impose (in closed-loopmotion control mode) sinusoidal dis-
placements on the cortical surface to a penetration depth of 6 mm
over a broad range of frequencies (0.01–10 Hz).

2. Materials and methods

2.1. Test apparatus

The indenting tool assembly (Fig. 1A) consisted of a voice coil lin-
ear actuator with a built-in LVDT displacement transducer (H2W
Technologies Inc., Santa Clarita, CA) connected to a closed-loopmo-
tion control board (Galil Motion Control, Rocklin, CA). The voice coil
shaft had anexcursion amplitude of 38 mmand couldoperate indis-
placement-controlmode at velocities up to"120 mm s!1 (i.e. 10 Hz
frequency for sinusoidal displacements of 6 mm). A 20 N load cell
(Honeywell International Inc., Columbus, OH) was affixed to the
voice coil shaft head in serieswith a 12.65 mmdiameter hemispher-
ical tip (Fig. 1B and C). As illustrated in Fig. 1C, the load sensor was
located directly above the indenter tip to minimize inertial loading
effects from themotion of the oscillating tool. Calibration testswere
performedwith the free indenter tip in air and themeasured inertial
force profileswere used to correct force profiles from tissue indenta-
tion tests. Effects of tool inertial loads were found to be discernible
only at the highest testing frequency (10 Hz), while effects at lower
rates were found to be negligible. The voice coil indenting assembly
was mounted on a testing frame designed to accommodate large
porcine animals in a setting mimicking conditions of an intensive
care environment (Fig. 1A). The frame, characterized by six degrees
of freedom inadjustablemotion (i.e. three degrees in translation and
threedegrees in rotation), enabled theuser toaccuratelyposition the
indenter tip to the desired testing location and to align it normal to
the measurement surface, as described elsewhere [42]. Briefly, its
T-slottedaluminumstructure (MiniTecFramingSystemsLLC,Victor,
NY) comprised two sets of linear rails allowing for manual

Fig. 1. Experimental setup. (A) Operating room configuration for the mechanical tests conducted in vivo and in situ. The stereotactic frame and the testing frame are shown
along with the mechanical indenter and the BiSlide positioner. (B) Cranial window in vivo. The indenter tip affixed in series with the 20 N load cell is actuated on the exposed
cortical lobes. (C) Testing configuration in vitro. The mechanical indenter is operated on the confined tissue bilayer excised from the superior part of the frontal and parietal
lobes and maintained hydrated in PBS.
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positioning adjustments in the horizontal plane along the x and y
directions, respectively. Motion along the vertical z-axis was con-
trolled via a manual BiSlide with counter (Velmex Inc., Bloomfield,
NY), providing 250 mm of adjustable linear motion with 250 lm
precision. A three-axis rotary stage connecting the portable indenter
to the framewas attached to the BiSlide z-axis, providing ±25" of tilt
from the vertical axis and 360" of rotation (Newport Corp., Irvine,
CA).

Mechanical data sets (indenter force and displacement) were
continuously acquired using two parallel acquisition systems: a
low rate ("100 Hz) acquisition system integrated to the motion
controller (Galil Motion Control, Rocklin, CA) and a higher rate

("5000 Hz) acquisition system for laptop-computer-based
measurements (NI SC-2350 carrier and DAQCard-6036E with Lab-
VIEW 8 software, National Instruments Corp., Austin, TX).

2.2. Surgical procedures

Five 3 month old Yorkshire pigs (42–45 kg) were used in this
study, which comprised two distinct phases: an exploratory test
phase on donor hemorrhaged animals (n = 2, male), during which
the test protocols were developed, optimized and preliminary data
were collected; and a full-scale test phase on nonhemorrhaged
animals (n = 3, female), in which the optimized test protocols were

Fig. 2. Overview of indentation test protocols in vivo, in situ and in vitro. (A) Schematic of cranial window with localization of indentation sites S1, S2, S3 and S4. (B) Imposed
indenter displacement history and resulting force history obtained for a representative set of measurements in vivo at a sinusoidal frequency of 1 Hz. The raw force profile
(black dots) is shown superposed on the processed, smoothed profile (red solid line). (C) Summary of indentation tests conducted in vivo, in situ and in vitro on three
nonhemorrhaged (3 month old female Yorkshire) animals. Cyclic test sequences to 6 mm depth are labeled as ‘‘F’’ (fast/10 Hz/120 mm s!1), ‘‘M’’ (medium/1 Hz/12 mm s!1),
‘‘L’’ (low/0.1 Hz/1.2 mm s!1) and ‘‘Q’’ (quasistatic/0.01 Hz/0.12 mm s!1). The 3 min relaxation tests with a ramp rate of 12 mm s!1 are labeled as ‘‘R’’. All cyclic tests
corresponded to five load–unload sinusoidal segments and they were repeated at least twice except for the slowest cyclic tests (Q), which consisted of two or three load–
unload segments performed only once. The times indicated for in situ and in vitro test sequences refer to post-mortem times.
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implemented. All procedures were approved by the relevant insti-
tutional committees at the Massachusetts General Hospital, where
the in vivo and in situ tests were carried out, and at the Massachu-
setts Institute of Technology, where the in vitro tests were con-
ducted. The protocols were also approved by the animal care and
use committee of the funding agency (US Department of Defense).

The animals were housed in the animal care facility for at least
4 days before experiment and allowed free access to food andwater
until 12 h before induction of anesthesia. Anesthesia was induced
via intramuscular injection of 4.4 mg kg!1 of Telazol (tiletamine
hydrochloride + zolazepam hydrochloride, Fort Dodge Animal
Health, Fort Dodge, IA). The animals were intubated via an endotra-
cheal tube connected to a ventilator with isoflurane general anes-
thesia and controlled mechanical ventilation. After intubation,
anesthesia was maintained with 1.5–2% isoflurane. Body tempera-
ture was maintained using a heating pad preset at 37 ± 0.5 "C.

Physiological saline solution was administered intravenously at
a maintenance infusion rate of 5 ml kg!1 h!1 throughout the test
procedure. Prior to surgery, the head of the pig was secured in a
stereotactic frame, adapted from previous design developments
[43], with skull pegs affixed to the zygoma to prevent movement
of the cranium (Fig. 1A). Hemorrhaged animals were fully resusci-
tated with saline solution (0.9% NaCl: three times the volume of
shed blood) to replace the blood loss. The scalp was reflected off
the cranium via a midline scalp incision, and a craniotomy was
performed with a hand-held drill, exposing the superior part of
both cortical hemispheres through a cranial window that was
approximately 4.5 cm # 4.5 cm in size (Fig. 2A). The dura mater
was carefully reflected to allow for direct mechanical measure-
ments on the cortical surface. Physiological/hemodynamic param-
eters (heart rate, respiratory rate, blood pressure, end-tidal carbon
dioxide, hemoglobin saturation level and body temperature) were
monitored every 5 min for the entire duration of the test proce-
dure, which lasted about 5 h (from sedation to euthanasia). The
average values of these physiological parameters are listed in Table
1. After completion of the in vivo tests, the subjects were eutha-
nized with an intravenous injection of Ethasol (0.25 ml kg!1).

2.3. Indentation tests

The indenter was equipped with a 12.65 mm diameter hemi-
spherical tip. Indentation testswere conducted in vivo on the frontal
and parietal lobes of both hemispheres at four distinct sites located
"1.5 cm from the craniotomy edges (Fig. 2A). Test sequences con-
sisted of 2–5 load–unload cycles to 6 mm indentation depth at sinu-
soidal frequencies of 10, 1, 0.1 or 0.01 Hz, corresponding to average
displacement rates of 120, 12, 1.2 or 0.12 mm s!1, respectively (see
e.g. Fig. 2B). Tests were also performed to measure tissue relaxation
response, with loading ramps at 12 mm s!1 to a target indentation
depth of 6 mm and holding times of 180 s. The tissue was allowed
to recover for 2 min between consecutive sequences of load–unload
or relaxation segments. Tests at a given site at a given frequency or
speed were repeated at least twice, except for either those corre-
sponding to the slowest (0.01 Hz) load–unload cycles or the relaxa-

tion segments, which were performed only once. After euthanasia,
indentation tests were repeated in situ at the same sites 30–
180 min postmortem. The brainwas kept in its native configuration
within the braincase throughout the in situ phase of the tests, and
physiological saline solutionwas regularly added to theexposed sur-
face tominimize tissue dehydration. The brainwas subsequently re-
moved from the cranium and transferred on ice to the laboratory for
further testing in vitro. For the in vitro indentation tests, tissue spec-
imenswere placed in a 3 cmdiameter # 2.8 cmheight rigid cylindri-
cal container (Fig. 1C). The tissue specimens consisted of "2.5 cm
thick tissue bilayers. The specimens were prepared by coring cylin-
drical samples measuring about 3 cm in diameter and 1.2 cm in
height from the surface of the frontal and parietal lobes and layering
them so as to bring both inferior faces into contact. This step was in-
tended to minimize friction between the tissue specimens and the
container, as the inferior surfaces of the cored samples were found
to exhibit a higher proportion of (more adherent) white matter.
The tissue was hydrated with refrigerated phosphate-buffered solu-
tion (PBS) tominimize frictionwith thewalls of the container and to
limit tissue degradation. Load–unload and relaxation sequences –
identical to those conducted in vivo and in situ – were conducted
in indentation on the confined tissue bilayer at 6–7 h post mortem.
All tests in vitro were performed at room temperature (T " 21 "C).
A summary of the optimized tests conducted in vivo, in situ and
in vitro on the three nonhemorrhaged animals is provided in Fig. 2C.

2.4. Tissue contact – tapping protocol

Identifying contact between indenter tip and tissue in a reliable
and reproducible manner is of critical importance in indentation
tests, especially when using a spherical indenter tip and whenmea-
suring a tissue response that is nonlinear. Visual estimation of con-
tact conditions was found to be imprecise and unreliable due to the
presence of cerebrospinal fluid and blood surrounding the indenta-
tion sites. The contact determination procedurewas further compli-
cated in vivo by the brain surface oscillations stemming from
respiratory perturbations and rhythmic blood pressure variations.
For the initial tests carried out on hemorrhaged animals, contact be-
tween the indenter tip and tissue was established by visual inspec-
tion. With this visual inspection approach, substantial variability in
themeasured tissue responsewasnoted, as shown for one represen-
tative set of measurements in Fig. 3A. This variability was assumed
to arise mainly from uncertainties in the tissue contact determina-
tion procedure and therefore a more systematic determination
method was developed. The latter entailed gently ‘‘tapping’’ the tis-
sue surface down to 1 mm depth over a time span of 100 ms. The
resulting contact force was measured and full contact was deemed
to be established when the force differential associated with the
1 mm tapping test reached an amplitude of "15–20 mN (Fig. 3B).
The tapping method was found to drastically reduce the variability
in the measured tissue response (Fig. 3C), and it was therefore sys-
tematically implemented for the subsequent tests conducted on
nonhemorrhaged animals in vivo, in situ and in vitro. The vertical
z-position of the indenter – as measured through the counter of
the vertical BiSlide – was adjusted via the tapping method at the
beginning of each indentation sequence. The adjusted position
was carefully noted to assess any residual tissue deformation.When
tests were performed on a previously indented site, a recovery per-
iod of at least 2 min was observed before the tapping procedure.

3. Results

All statistical analyses reported hereafter were based on one-
way analysis of variance. Results were considered statistically sig-
nificant at p < 0.05.

Table 1
Physiological parameters monitored at 5 min intervals during the in vivo tests.

Parameter Mean ± standard deviation

Heart rate (bpm) 101 ± 16
Respiratory rate (vpm) 10
Arterial pressure (mmHg) 97 ± 11 (systole)/43 ± 7 (diastole)
SpO2 (%) 97.5 ± 0.5
Et-CO2 (mmHg) 45.5 ± 3
Temperature ("C) 35.3 ± 0.6

Average values and standard deviations are provided for the nonhemorrhaged cases
(n = 3).
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3.1. Preliminary observations – effect of dura mater on cortical tissue
response

As part of the preliminary test phase involving the hemorrhaged
animals, a small number of indentation experiments were carried
out on the exposed cortex while leaving the dura mater intact.
The tests were subsequently repeated at the same sites after the
dura had been removed. The results are reported in Fig. 4 for one
representative set of measurements. The response of the dura-free
tissue was found to be significantly more compliant than that of
the intact tissue. These observations remain qualitative in nature,
as adhesion conditions of the dura membrane to the skull – which
might be inferred to play a significant role in the indenter response
– could not be accurately quantified. The observed trends were,
however, consistent with expectations, since the dura mater had
been shown to be a fairly stiff protective membrane with pseu-
do-elastic moduli measured in tension to be on the order of 60–
100 MPa [44–46].

3.2. Tissue recovery after indentation

The amount of residual tissue deformation observed after the
2 min recovery phase following each indentation sequence was
measured in vivo, in situ and in vitro – via the z-counter of the ver-
tical BiSlide – as the height differential applied to the indenter tip
upon readjustment to contact with the tissue surface through the
tapping protocol. A summary of the residual deformation results
is provided in Table 2. The tissue was found to fully recover
in vivo in most cases. After euthanasia, the exposed cortical surface
was measured to shift downwards by 1.5 ± 0.1 mm over the 30 min
period preceding the initiation of the indentation tests in situ. The
tissue in situ never entirely recovered after a given indentation se-
quence; the amount of residual deformation measured between
consecutive tests was on the order of 0.2–0.4 mm. Interestingly,
the amount of residual deformation measured in vitro was sub-
stantially less than that in situ.

3.3. Test repeatability and rate order indifference

Representative responses measured during repeated tests con-
ducted in vivo, in situ and in vitro at the same indentation sites
to 6 mm depth at a displacement rate of 12 mm s!1 (1 Hz fre-
quency) are shown in Fig. 5A–C. The responses to repeated inden-
tation were found to be consistent and reproducible in vivo, as well
as in situ and in vitro. To further assess the degree of repeatability
in the mechanical measurements performed on a more quantita-
tive basis, we compared the tissue responses to 1 Hz cyclic inden-
tation in terms of peak force levels reached at the end of the first
loading ramp for each sequence of load–unload segments applied
to the tissue. These peak forces were compared within and across
indentation sites according to four conditions: (I) the indentation
site was not previously tested; (II) the indentation site was previ-
ously subjected to a minimum of one sequence of five load–unload
segments at 1 Hz; (III) the indentation site was previously sub-
jected to a minimum of one sequence of two-to-five load–unload
segments at a lower indentation rate (i.e. 0.01 Hz and/or 0.1 Hz)

Fig. 3. Tissue contact/tapping protocol. (A) When contact was determined only by visual inspection, substantial variations in indenter force were observed between
successive measurements. (B) Schematic of indenter tip position relative to oscillating tissue surface during contact determination procedure in vivo (left). Imposed tip
displacement history and resulting force history measured for one representative case satisfying contact condition requirements (right). Note that the periodic force
oscillations measured by the contacting tip corresponded to the brain surface movements associated with the "100 bpm heart rate. (C) The proposed tapping protocol
resulted in a reduction in response variability as shown for three successive measurements.

Fig. 4. Indenter force response shown for two representative sets of measurements
performed while dura mater was left intact (n = 2) and subsequently removed
(n = 2). Cyclic loading tests at 1, 0.1 and 0.01 Hz and relaxation tests are shown
sequentially on the same time axis, although they were actually conducted as
distinct test sequences separated by 2 min recovery phases.
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with no prior submission to higher rate (i.e. 10 Hz) indentation se-
quences; and (IV) the indentation site was previously subjected to
at least one sequence of five load–unload segments at higher
indentation rate (i.e. 10 Hz) with no prior submission to lower rate
(i.e. 0.01 Hz and/or 0.1 Hz) indentation sequences. The results are
shown in Fig. 5D. Although the responses measured on virgin (pre-
viously untested) sites in the in vivo, in situ and in vitro states were
found to be somewhat stiffer than those obtained on previously
tested sites, these differences did not reach statistical significance
(p > 0.05 for all cases compared individually to the virgin case).
These observations suggest that precompressing the tissue or
altering the rate order in vivo, in situ or in vitro does not signifi-
cantly influence subsequent measurements (provided that the tis-
sue is allowed to recover for at least 2 min between tests, tissue
hydration conditions are maintained and proper contact is ensured
at the beginning of each test sequence). All measurements reported
hereafter for a given displacement rate were therefore averaged
regardless of the indentation sequence order.

3.4. Location dependence

Repeated measurements performed in vivo at 1 Hz were com-
pared quantitatively across indentation sites in terms of peak force
levels reached at the end of the first (unconditioned) loading ramp
and the second (conditioned) loading ramp. The results are re-
ported in Fig. 6. The response of the tissue was found to be weakly
dependent on indentation site. Although obtained from a fairly
small pool of measurements, these results suggest that the frontal
and parietal lobes of the superior cortex share similar mechanical
properties at the macroscopic level. All measurements reported
hereafter were therefore averaged across indentation sites.

3.5. Post mortem time differences

The effects of post-mortem test time on indentation response
were also investigated in situ, as shown in Figs. 5B and 7. No
statistically significant changes in relation to post-mortem time

Table 2
Residual cortex surface deformation measured after 2 min recovery phase following indentation tests at 10, 1, 0.1 and 0.01 Hz in vivo, in situ and in vitro.

Residual tissue indentation (mean ± SD) following cyclic loading test
Dimensions in mm

10 Hz 1 Hz 0.1 Hz 0.01 Hz

In vivo 0.08 ± 0.1
(n = 8)

0.1 ± 0.2
(n = 22)

0.1 ± 0.2
(n = 12)

0.1 ± 0.1
(n = 11)

In situ 0.2 ± 0.2
(n = 12)

0.3 ± 0.3
(n = 12)

0.2 ± 0.15
(n = 9)

0.3 ± 0.2
(n = 13)

In vitro 0.05 ± 0.3
(n = 6)

0 ± 0.2
(n = 7)

0.15 ± 0.3
(n = 4)

0.15 ± 0.2
(n = 3)

Average values are provided with standard deviations for all tests performed on the three nonhemorrhaged animals.

Fig. 5. Test repeatability in vivo, in situ and in vitro. (A) Representative indentation responses measured in vivo during repeated loading at 1 Hz. (B) Representative
indentation responses measured in situ on the same site during repeated trials at various times post mortem (pm). (C) Representative indentation responses measured
in vitro for three successive trials. (D) Peak forces reached at the end of the first loading ramp in vivo, in situ and in vitro across four conditions. Responses measured in vitro
under condition III corresponded to 1 Hz tests repeated after both lower rate (0.01 Hz/0.1 Hz) and faster rate (10 Hz) tests had been conducted. Numbers in parentheses
correspond to numbers of measurements performed under each condition for a total of three nonhemorrhaged animals. The response was found to be significantly stiffer
in situ than in vivo (p < 10!4).
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differences (as measured via the peak forces reached at 6 mm
depth upon first loading) could be found up to about 3 h post mor-
tem for both the conditioned and unconditioned responses. There-
fore, all measurements reported hereafter in situ were averaged
across post-mortem test times.

3.6. Representative response in vivo

A representative set of indentation measurements conducted at
10, 1, 0.1 and 0.01 Hz to 6 mm depth in vivo is shown in Fig. 8. The
force–displacement response was found to be highly nonlinear
both in the displacement and displacement rate domains, with
marked hysteretic features. Among other notable characteristics
exhibited by the macroscopic indentation response in vivo was
the substantial degree of ‘‘conditioning’’. Here ‘‘conditioning’’
means that the indentation response upon first loading, namely
the ‘‘virgin’’ or ‘‘unconditioned’’ response, was measured to be sig-
nificantly stiffer than that observed subsequently upon immediate
cyclic reloading. These observations mirror those previously re-
ported in vitro on cortical samples tested in uniaxial compression
[15]. Note that the tissue recovered its ‘‘virgin’’ or ‘‘unconditioned’’
response when allowed to re-equilibrate for at least 2 min between
tests (Fig. 5A).

3.7. Response in vivo compared to response in situ

Average responses (with standard deviations) are reported for
load–unload and relaxation both in vivo and in situ in Fig. 9. The
indentation response was measured to be stiffer in situ than
in vivo, regardless of displacement rates. Differences in indentation
responses between the in vivo and the in situ states were further
assessed quantitatively in terms of the peak forces measured upon
first (‘‘unconditioned’’) and second (‘‘conditioned’’) loading, as
shown in Fig. 9F. Differences were especially marked at low-to-
quasistatic displacement rates, for which the indentation response
was found to be stiffer in situ than in vivo by a factor of 1.5–2.
These differences became more attenuated at higher displacement
rates, as statistical differences grew smaller (Fig. 9F).

3.8. Response in situ compared to response in vitro

The indentation response in vitro was found to be more ‘‘com-
pliant’’ than that measured in situ, with peak forces being on aver-
age 20% lower in vitro (Fig. 10). These differences might be
ascribed to boundary condition effects and/or to intrinsic material
property changes due to temperature variations and/or tissue
alteration in relation to post-mortem testing time.

3.9. Nonlinear rate dependencies

The indentation response was measured to be highly rate
dependent in vivo, in situ and in vitro (Fig. 10). These differences
were also statistically significant as measured by the peak forces
reached at 6 mm penetration depth (p < 0.05 when comparing
pairs of peak forces between consecutive rates in vivo, in situ
and in vitro). Note that the sensitivity of the indentation response
to displacement rate grew higher, in relative terms, as displace-
ment rates increased. In vivo, as shown in Fig. 10, peak forces at
10 Hz exceeded those measured at 1 Hz by a factor of 2.5, whereas
peak forces at 0.1 Hz exceeded those reached at 0.01 Hz only by a
factor of 1.5.

3.10. Conditioning effects

Conditioning effects – as measured by the ratio of the peak force
upon reloading (conditioned response) to that reached upon first

Fig. 6. Test location dependence. Peak forces measured at the end of the first
loading ramp (unconditioned response, A) and at the end of the second loading
ramp (conditioned response, B) for the four indentation sites submitted to 1 Hz
load–unload cycles in vivo. N refers to the number of independent measurements
performed on the three nonhemorrhaged animals.

Fig. 7. Post mortem time variations in situ. Peak forces measured at the end of the
first loading ramp (unconditioned response, A) and at the end of the second loading
ramp (conditioned response, B) at various times post mortem. N refers to the
number of independent measurements performed on the three nonhemorrhaged
animals.
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loading (unconditioned) – were found to be substantial in vivo,
in situ and in vitro (Fig. 10). Note that these conditioning effects
tended to be more attenuated at lower rates of deformation, with
conditioning ratios in vivo reaching 0.9 ± 0.03 on average at quasi-
static rates (0.01 Hz), compared to 0.8 ± 0.05 at higher rates
(10 Hz).

3.11. Comparison with literature data

Brain indentation measurements in vivo and in situ were
reported previously by Gefen andMargulies at quasistatic displace-
ment rates (1–3 mm s!1) [34]. Their data cannot be directly com-
pared to the data collected in the present study due to differences
in indenter tip radius (2 vs. 6.3 mm) and maximum indentation
depth (4 vs. 6 mm). However, when the indentation forces at
4 mm depth were simply normalized by the ratio of nominal
cross-sectional areas of the tips (square of the radii), the data
obtained in the present studywere found to be comparable to those
reported by Gefen and Margulies, both for the unconditioned and
conditioned responses (Fig. 11). Note, however, that the definition
for ‘‘conditioned response’’ somewhat differed between the two
protocols. ‘‘Conditioned response’’ in the protocol by Gefen and
Margulies referred to the combined fifth and sixth single loading
ramps applied to the tissue as part of a series of six single ramp relax-
ation tests separated by 45 s recovery phases. On the other hand,
data selected for comparison from the present study corresponded
to the fifth (and last) loading ramp imposed on the tissue as part of
a single sequence of five continuously applied load–unload seg-
ments. Also note that the investigation led by Gefen and Margulies
was conducted on younger porcine animals (i.e. 1 month of age),
whose brain properties in vitro have been shown to be comparable
to those of adult pigs [47]. As previously mentioned, rate effects
were found to be more significant at the higher frequencies
in vivo, in situ and in vitro. This trend is in good agreement with

the results of previous investigations, where brain tissue response
was found to dramatically stiffen at higher rates of deformation
[17,22,48].

4. Discussion

The present study reports the first body of observations on the
indentation response of porcine cerebral cortex at quasistatic and
dynamic deformation rates in vivo. The set of measurements
conducted addresses previously uncharacterized features of the
living porcine cerebral cortex mechanical response to large defor-
mations (6 mm indentation depth) and over a broad range of
displacement rates (0.12–120 mm s!1). These features have been
directly contrasted with those characterizing the indentation re-
sponse in situ and in vitro, thereby providing a unique quantitative
basis for further refinements/adjustments of existing biomechanical
models relying so far on experimental sets of in vitro and in situ
measurements.

The preliminary experiments carried out on two hemorrhaged
pigs allowed for rigorous test protocols to be developed,minimizing
measurement variability via implementation of more systematic
contact determination procedures. The data sets subsequently col-
lected on three nonhemorrhaged animals in vivo and in situ were
found to be consistent and comparable with those reported by pre-
vious investigators at smaller indentation depths and lower rates of
deformation [34]. The tissue in vivo was observed to recover fully
after a 2 min recovery phase following each cyclic loading test. Some
residual deformationwasnoted in situ after indentation. Thedepen-
dence of the load–displacement response on the indentation site
was found to be weak, thereby confirming cerebral tissue mechani-
cal homogeneity at themacroscopic level on the frontal and parietal
lobes [34,49].

The indentation response was observed to share highly similar
patterns in vivo, in situ and in vitro – e.g. conditioning, time/rate

Fig. 8. Representative indentation response measured in vivo at 10 Hz (A), 1 Hz (B), 0.1 Hz (C) and 0.01 Hz (D). Periodic perturbations arising from respiratory movements
and blood pressure pulsations (Fig. 3B and 5A) were filtered to yield the shown smoothed force–displacement profiles.
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dependencies, nonlinear indentation depth dependencies. These
patterns are consistent with the inherent properties exhibited by
porcine brain tissue when tested in vitro in unconfined compres-
sion and in uniaxial tension [15,16,19].

Conditioning effects were found to be significant in vivo, in situ
and in vitro. These effects could be recovered when allowing the
tissue to re-equilibrate for 2 min. These observations confirm pre-
liminary findings in vitro where precompressed tissue samples
were shown to exhibit repeatable conditioning features following
a 2 h recovery phase in saline solution [15]. These conditioning ef-
fects might be ascribed to interstitial water diffusion within the
tissue as surmised earlier [15]. The latter inference is consistent
with the fact that the amount of conditioning measured in the
present study was found to be rate dependent, with more substan-
tial conditioning effects observed at higher rates of deformation.

The brain was measured to shrink/settle following euthanasia,
descending by 1.5 ± 0.1 mm (n = 3 animals) at the exposed cortical
surface, suggesting that the organ might undergo some degree of
‘‘consolidation’’ post mortem. Possible factors governing the

consolidation process conjectured post mortem include: (i) the col-
lapse of the tissue vasculature; and (ii) drainage of cerebrospinal
fluid (CSF)-filled cavities (e.g. ventricles, sinuses).

The indentation responsewasmeasured to be significantly stiffer
in situ than in vivo. This important observation only partially agrees
with the previous findings by Gefen and Margulies [34], who re-
ported increased stiffness for the nonconditioned response only,
although the latter increase was found not to be statistically signif-
icant. Differences between in situ and in vivo indentation responses
might also be enhanced in the current study due to the larger inden-
ter size and indentation depth, although the indenter radius for the
current study is still within the general guidelines recommended by
Zheng et al. [50] for tissue characterization ("25% of the sample
thickness). Also, the effects of drainage of the internal CSF cavities
and the observed downward shift of tissue surface might be more
pronounced in the current study, where larger regions of the brain
are deformed by the applied surface indentation. Note, however,
that themeasured tissue shift postmortem, although significant, re-
mains small relative to the overall thickness of the cerebrumwithin

Fig. 9. Indentation responses contrasted in vivo and in situ in cyclic load–unload at 10 Hz (A), 1 Hz (B), 0.1 Hz (C) and 0.01 Hz (D), and in relaxation (E). Average responses
(solid lines) and average responses plus or minus standard deviations (dashed lines) are shown in each case. For clarity purposes, only the first two load–unload cycles are
shown in the 10 Hz case. (F) Response in vivo compared to response in situ in terms of peak forces reached at the end of the first loading ramp (I) and of the second loading
ramp (II) for the four different rates of deformation. ⁄Significant (p < 0.05) and ⁄⁄⁄very significant (p < 10!4) statistical differences.
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the braincase (which was typically about 25 mm), so that possible
stiffening artifacts arising fromdepth alteration effects alone are un-
likely to account for the observed changes in indenter force magni-
tude. Other factors thatmight contribute to the observed increase in
stiffness include alterations to the intrinsicmechanical properties of
the structural components responsible for the neural cell resilience
(i.e. actin filaments, neurofilaments and microtubules), and tissue
edema. Other investigators have reported similar changes in mate-
rial properties between the in vivo and in situ states in ‘‘cellular’’
and highly vascularized organs such as liver [40].

Finally, results gathered in vitro were also reported. The force–
displacement response was found to be more compliant than the
response measured in situ. This difference might be ascribed to
alterations in tissue properties due to temperature changes and/

or intrinsic tissue degradation post mortem, or to boundary condi-
tion effects. Variations in tissue properties related to post-mortem
degradation processes were found to be negligible up to 15 h post
mortem by several investigators [15,51], while some differences
were noted by others beyond 6 h post mortem [52]. Temperature
variations between the in situ and in vitro tests may have played
a role in the reported changes in tissue response. Note, however,
that temperature effects, if substantial, should have increased the
tissue stiffness in vitro, as was reported when the test temperature
had been lowered [53]. It is therefore very plausible that material
property alterations due to intrinsic tissue degradation and/or
temperature changes alone could not account for the substantial
differences noted in the measurements between the in situ and
in vitro states, and that boundary condition effects played a signif-
icant role.

This consideration highlights one of the restrictions of the pres-
ent study, which was limited to the macroscopic force–displace-
ment response to brain cortex indentation. The nonlinear
characteristics of the indentation response could be ascribed to a
combination of intrinsic material (brain tissue) nonlinearities and
boundary conditions effects related to the complex deformation
field associated with indentation tests, as well as to the constraints
provided by the braincase (or by the cylindrical container em-
ployed for in vitro tests). Reverse finite element modeling is there-
fore needed to gain better insights into the effects of boundary
conditions on the resulting force–indentation response and extract
tissue properties from the measured indentation responses. Finite
element modeling of the precise testing conditions will also pro-
vide a direct means to compare and reconcile the in situ and
in vitro responses. As a further limitation of the present study, it
should be noted that the data pool harvested was obtained from
three animals only. Although very consistent, the measurements
reported would need to be complemented by further testing.
Finally, the indentation technique employed was limited to single

Fig. 10. Average indentation response upon first cyclic loading in vivo, in situ and in vitro. Dashed lines correspond to average plus or minus standard deviation. Conditioning
ratios (bottom right) are also shown for each deformation rate (F, M, L, Q) in vivo, in situ and in vitro. The conditioning ratio is defined as the ratio between the peak forces
reached at the end of the second loading ramp (conditioned) and the peak forces reached at the end of the first loading ramp (unconditioned).

Fig. 11. Comparison of results obtained under the current protocol and under the
protocol developed by Gefen and Margulies [34]. Average peak forces at 4 mm
depth (with standard deviations) are shown for the nonconditioned and condi-
tioned responses measured in vivo and in situ. Force levels from Ref. [34] were
normalized by the ratio between nominal cross sectional areas of the indenters for
direct comparison with the force data collected in the present study.
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uniaxial force–displacement measurements. Complementary tech-
niques relying on the use of peripheral secondary sensors around
the locus of indentation may provide useful additional information
to the tissue volumetric compliance described elsewhere [54].

Taken together, the sets of experimental data presented here
provide unique insights into the dynamic mechanical response of
cerebral cortex to indentation both in vivo and in situ, and may
critically guide the development of biofidelic brain models. Addi-
tional mechanical data might also be obtained at higher rates of
deformation using the current dynamic indenter, which is able to
operate in open-loop mode at speeds as high as 4.5 m s!1. The
high-rate mechanical data that could be so collected in vivo,
in situ and in vitro through open-loop ‘‘impact’’ tests might poten-
tially lead to an improved understanding of the mechanical re-
sponse of the brain under conditions approaching those
suspected to prevail in blast or blunt impact traumatic brain injury
scenarios.
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