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Mechanics are increasingly recognized to play an important role in modulating brain form and function.
Computational simulations are a powerful tool to predict the mechanical behavior of the human brain in
health and disease. The success of these simulations depends critically on the underlying constitutive
model and on the reliable identification of its material parameters. Thus, there is an urgent need to thor-
oughly characterize themechanical behavior of brain tissue and to identifymathematical models that cap-
ture the tissue response under arbitrary loading conditions. However, most constitutive models have only
been calibrated for a single loading mode. Here, we perform a sequence of multiple loading modes on the
same human brain specimen – simple shear in two orthogonal directions, compression, and tension – and
characterize the loading-mode specific regional anddirectional behavior.We complement these three indi-
vidual tests by combined multiaxial compression/tension-shear tests and discuss effects of conditioning
and hysteresis. To explore to which extent the macrostructural response is a result of the underlying
microstructural architecture, we supplement our biomechanical tests with diffusion tensor imaging and
histology. We show that the heterogeneous microstructure leads to a regional but not directional depen-
dence of themechanical properties. Our experiments confirm that human brain tissue is nonlinear and vis-
coelastic, with a pronounced compression-tension asymmetry. Using our measurements, we compare the
performance of five common constitutive models, neo-Hookean, Mooney-Rivlin, Demiray, Gent, and
Ogden, and show that only the isotropic modified one-term Ogden model is capable of representing the
hyperelastic behavior under combined shear, compression, and tension loadings: with a shear modulus
of 0.4–1.4 kPa and a negative nonlinearity parameter it captures the compression-tension asymmetry
and the increase in shear stress under superimposed compression but not tension. Our results demonstrate
that material parameters identified for a single loading mode fail to predict the response under arbitrary
loading conditions. Our systematic characterization of human brain tissue will lead tomore accurate com-
putational simulations,whichwill allowus to determine criteria for injury, to develop smart protection sys-
tems, and to predict brain development and disease progression.

Statement of Significance

There is apressing need to characterize themechanical behavior of humanbrain tissueundermultiple load-
ing conditions, and to identify constitutive models that are able to capture the tissue response under these
conditions. We perform a sequence of experimental tests on the same brain specimen to characterize the
regional and directional behavior, andwe supplement our tests with DTI and histology to explore towhich
extent themacrostructural response is a result of the underlyingmicrostructure. Results demonstrate that
human brain tissue is nonlinear and viscoelastic, with a pronounced compression-tension asymmetry, and
we show that themultiaxial data can best be captured by amodified version of the one-termOgdenmodel.
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http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2016.10.036&domain=pdf
http://dx.doi.org/10.1016/j.actbio.2016.10.036
mailto:holzapfel@tugraz.at
http://dx.doi.org/10.1016/j.actbio.2016.10.036
http://www.sciencedirect.com/science/journal/17427061
http://www.elsevier.com/locate/actabiomat


320 S. Budday et al. / Acta Biomaterialia 48 (2017) 319–340
1. Introduction

Mechanical modeling is a promising tool to understand and pre-
dict the behavior of human brain tissue in health and disease [1].
The mechanics of the brain play not only an important role in
injury such as traumatic brain injury [2] or shaken baby syndrome
[3], but also in tumor growth [4] or during brain development [5–
7]. Computational simulations enable us to determine criteria for
injury [8], to develop smart protection systems such as helmets
[9], or to predict brain development and disease progression
[10,11]. However, such models require the development of consti-
tutive laws calibrated with adequate experimental data to accu-
rately relate tissue deformation to tissue stress.

Due to the ultrasoft and complex nature of brain tissue, biome-
chanical testing is challenging and former studies have reported
controversial results. Shear moduli reported in the literature vary
by an order of magnitude or more [12]. Recently, with enhanced
sensitivity of the used testing devices, stiffness values now seem
to converge in the range of 1 kPa [13]. Still, we are left with the
controversy that different research groups find contrary results
towards direction- [14–18], age- [13,19–22], and region-
dependent properties [15,16,18,23–29] and towards the influence
of post-mortem time [28,30–32]. Overall, the mechanical response
of brain tissue is still far from being fully understood.

By reason of availability, only a few studies have actually tested
human brain tissue [14,15,18,21,33–37]. Alternatively, researchers
consulted porcine [13,15,16,38–42] or bovine brain tissue
[26,28,30,43] due to their structural similarities with the human
brain. Others tested the properties of rat [20,22,25] or mouse
brains [44]. Most of those studies have focused on a specific type
of loading. For example, human brain tissue has been tested
in vitro under shear [14,18,21,33,36], compression [18,34,35,38],
tension [18], and cyclic tension–compression [37] loadings, or
in vivo using magnetic resonance elastography [23,24,27]. While
these studies have significantly contributed to a better under-
standing of the material properties of the tissue, they remain insuf-
ficient to accurately describe its constitutive behavior under
arbitrary loading conditions required for computational modeling.
Systematic investigations of multiple loading modes remain sparse
and have used different samples for each loading mode [18], which
could influence the results, given the high regional, inter-specimen
variation reported for brain tissue. In the present study, we
sequentially test each specimen under multiple loading modes:
shear in two orthogonal directions, compression, and tension.

The profound microstructural heterogeneity of brain tissue fur-
ther raises the question to what extent constitutive models should
account for regional and directional properties. It seems impractical
to determine one set of material parameters valid for brain tissue as
a whole. It is rather essential to understand how microstructural
variations and anisotropy translate into the macroscopic mechani-
cal response of the tissue and to systematically study regional and
directional dependencies. Macroscopically, we can separate brain
tissue into gray and white matter. Gray matter mostly consists of
neurons responsible for data processing, andwhitematter of myeli-
nated nerve fibers allowing a rapid signal transduction. However,
our brain’s microstructure varies significantly even within those
two tissue types. For our study on the regional properties, we differ-
entiate between tissue from the corpus callosum, the inner white
matter mainly composed of highly aligned nerve fibers connecting
both hemispheres; the corona radiata, the outer white matter com-
posed of less aligned nerve fibers and glial cells; the basal ganglia,
the deep gray matter; and the cortex. A similar distinction has pre-
viously been used to assess regional dependencies in porcine [15]
and human [18] brain tissue. Regional variations in tissue stiffness
can be of great interest for neurosurgeons or helmet designers as
more compliant regions are most likely more susceptible to injury.
To find possible correlations between the macroscopic mechanical
response and the underlying microstructure, we fix each specimen
for histological staining upon completion of biomechanical testing.
Furthermore, we compare histological images of tested and virgin
specimens to ensure that the performed tests did not distort the tis-
sue microstructure.

Another question that has not yet been satisfactorily answered is
whether microstructural anisotropy due to the alignment of nerve
fibers inwhitematter results in an anisotropicmechanical response,
similar to the effect of collagen fibers in arterial tissue [45]. Previous
studies on the directional properties have estimated fiber orienta-
tion from anatomical knowledge [15–18]. Here, for the first time,
we combine biomechanical testing with diffusion tensor imaging
and determine the orientation of nerve fibers prior to specimen
extraction to guarantee a uniform fiber distribution throughout
the tested sample. We test each sample under simple shear in two
orthogonal directions, under unconfined compression and tension
loadings to genuinely detect the contribution of nerve fibers for dif-
ferent loading modes. With the design of the current experimental
study, we aimed to minimize the effects of nonuniform fiber distri-
bution, nonuniform specimen dimensions, and inter-specimen vari-
ation, to unravel the controversy over both regional and directional
properties.

Once we have understood the mechanical characteristics of
brain tissue, the development of realistic finite element models is
highly dependent on both the formulation of appropriate constitu-
tive laws and the accurate identification of the corresponding
material parameters. Generally, we face the problem of lacking
experimental data suitable for detailed parameter estimation
[46]. Constitutive parameters proposed in the literature have
mostly been calibrated with experimental data from a single
loading mode [40–42,47], but do not necessarily hold for arbitrary
loading cases [38,48]. In the current study, we focus on the
accurate characterization of the hyperelastic component of the
mechanical response of brain tissue. We compare the applicability
of five different constitutive models [49–52] to predict the
behavior of brain tissue under multiple uniaxial loading modes
and multiaxial loading cases. We simultaneously consider three
loading modes, shear, compression, and tension, and test the valid-
ity of those constitutive models for combined compression/
tension-shear loading [44,53].

Furthermore, we make use of calibrating constitutive models to
make the experimental nonlinear stress–strain curves amenable to
statistical analyses. Thus, we additionally calibrate the model that
performed best, the one-term Ogden model, with each experimen-
tal curve separately to obtain one value for the shear modulus per
specimen and loading mode. We emphasize that the purpose of
those shear modulus calculations and their systematic comparison
was to detect loading mode specific regional- and directional-
dependencies such as the contribution of nerve fibers in compres-
sion versus tension, but not to determine material parameters
appropriate for computational modeling of the brain.

The current experimental study provides not only novel insights
into regional and directional dependencies but also yields essential
information to construct realistic constitutive models capable of
capturing themechanics of the brain undermultiaxial loading cases.

2. Materials and methods

2.1. Brain specimen

We obtained brain tissue from ten human cadavers during
autopsy requested by the local health authorities with a post mor-
tem interval of less than 24 h. The study was approved by the



Fig. 1. Collection of the ten tested human brain slices. Brain V and VII did not include all structures of interest, as denoted in Table 1.

Table 1
Subject characteristics (brain number, age, gender, cause of death, and tested regions).

Brain no Age (yrs) Gender Cause of death Regions

I 69 Male Metastasis CC,CR,BG,C
II 54 Female Myocardial CC,CR,BG,C

infarction
III 63 Male Tumor CC,CR,BG,C

progression
IV 63 Male Dilatation CC,CR,BG,C

of the heart
V 81 Female Circulatory CR,C

collapse
VI 55 Female Tumor CC,CR,BG,C

progression
VII 63 Male Myocardial CC,CR,C

infarction
VIII 68 Male Dilatation CC,CR,BG,C

of the heart
IX 78 Male Cardiorespiratory CC,CR,BG,C

insufficiency
X 68 Male Cardiorespiratory CC,CR,BG,C

insufficiency

CC = corpus callosum; CR = corona radiata; BG = basal ganglia; C = cortex.
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Ethics Commission of the Medical University of Graz, Austria, with
the approval number 25–420 ex 12/13. Immediately after autopsy,
we first performed magnetic resonance imaging (MRI) including
diffusion tensor imaging (DTI) of each brain to assess the fiber
orientation. After MRI, we cut the brain into approximately 1 cm
thick coronal slices. We prepared one slice of each brain, including
the corpus callosum and the basal ganglia, if possible, see Fig. 1, to
perform biomechanical testing. In Table 1, we summarize the sub-
ject characteristics of all tested brains. The subject age ranged from
54 to 81 years with an average age of 66 years at the time of death.
Although the current study was not designed to investigate the
effects of gender, age, or disease, we will briefly discuss potential
influences of those factors in Section 4. None of the subjects had
suffered from any neurological disease known to affect the
microstructure of the brain, such as Alzheimer’s disease.

We kept the tissue refrigerated at 3 �C and humidified with
phosphate-buffered saline solution at all times to minimize tissue
degradation. We tested all samples within 48 h after subject acqui-
sition. This results in a total post mortem interval between death
and the end of biomechanical testing of less than 60 h.
2.2. Magnetic resonance imaging

MR images were acquired with a 3 Tesla whole body system
(MagnetomPRISMA, SiemensHealthcare, Erlangen, Germany) using
ahead coil arraywith32elements. StructuralMR imaging includeda
T2 weighted sequence (repetition time TR = 4870 ms, echo times
TE = 11 and 77 ms, in plane resolution = 1 � 1 mm2;2 mm slice
thickness and FOV = 256 mm) and a T1 weighted 3D MPRAGE
sequence with 1 mm isotropic resolution (TR = 1900 ms,
TE = 2.79 ms, TI = 350 ms and FOV = 230 mm). Diffusion weighted
images (DWI)were acquiredusing a readout segmented echoplanar
imaging (EPI) sequence (TR = 3100 ms, TE = 55 ms, FOV = 180 mm,
resolution = 1 � 1 � 5 mm3;25 slices, b ¼ 1500 s/mm2;12 diffusion
directions, 11 readout segments, EPI echo spacing = 0.34 ms, 2 aver-
ages and GRAPPA acceleration factor R ¼ 3). The total acquisition
time for all sequences was approximately 25 min.
2.2.1. Diffusion tensor imaging
Diffusion MRI can depict the Brownian motion of hydrogen pro-

tons in tissue. However, microstructural barriers in human tissue
such as from white matter fiber bundles hamper unrestricted dif-
fusion, and consequently result in an anisotropic diffusion pattern,
which can be assessed by DTI. By applying diffusion sensitizing
gradient in at least six independent spatial directions, a full second
rank diffusion tensor can be calculated. Geometrical distortions
induced by eddy currents were corrected by affine co-registration
of the diffusion weighed images using the FMRIB Software Library
(FSL v4.2) [54,55] and the DWI measurements from 12 directions
were used to pixelwise calculate the DTI tensor model by using
FSL. The diffusion tensor can be described by an ellipsoid with
three axes. Those axes are represented by the eigenvectors and



Fig. 2. Preparation of specimens for biomechanical testing: (a) typical human brain obtained after autopsy; (b) cutting the brain in coronal slices; (c) locations of specimen
extraction from four brain regions, the corpus callosum (CC), the corona radiata (CR), the basal ganglia (BG) and the cortex (C), exemplary shown for brain VI. The arrows
indicate the nerve fiber direction f0 for the specimens from the CC; (d) RGB color-coded FA image of the tested tissue slice. Green color indicates nerve fiber bundles running
in the superior (S) – inferior (I) direction, red color indicates fiber bundles running in the left (L) – right (R) direction, and blue color indicates an anterior (A) – posterior (P)
direction.

Fig. 3. (a) Representative gray matter brain tissue cube of � 5 mm side length
glued to the upper specimen holder; (b) representative white matter brain tissue
cube of � 5 mm side length; (c) sample glued to the upper and lower specimen
holder of the triaxial testing device; (d) specimen inserted in the setup, hydrated
with phosphate-buffered saline solution, and ready for testing.
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their lengths are given by the according eigenvalues; k1 denotes
the biggest, k2 and k3 the smaller eigenvalues. The eigenvector
associated with k1 represents the principal direction of the diffu-
sion ellipsoid, which is physically corresponding to the direction
of the white matter fiber bundle.

The most significant parameter of DTI is the fractional aniso-
tropy FA defined as

FA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3½ðk1� < k >Þ2 þ ðk2� < k >Þ2 þ ðk3� < k >Þ2�

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðk21 þ k22 þ k23Þ

q : ð1Þ

In brief, FA, also entitled as neuronal integrity, is normalized
between 0 and 1, where 0 describes entirely isotropic diffusion
and 1 entirely anisotropic diffusion. Fig. 2d shows an RGB color-
coded FA image, with FA represented as brightness and the colors
represent the orientation of neuronal fiber bundles. Generally, FA is
higher in fiber bundles with a high density of axons and commonly
FA values >0.2 are considered as directed fiber bundles. In this
study we included highly anisotropic anatomical regions with high
FA such as the corpus callosum (CC) and the corona radiate (CR),
and additionally we included the cortex (C) and the basal ganglia
(BG), which have lower FA, and therefore almost isotropic diffusion
properties when assessed by diffusion MRI. However, until now it
remained unclear whether diffusion anisotropy assessed by MRI is
linked to the biomechanical properties of the human brain tissue.
2.3. Specimen preparation

As the current experiments were inter alia designed to unravel
the ongoing controversy regarding regional and directional proper-
ties of brain tissue, we carefully chose the location, orientation, and
size of samples. We differentiate between four regions, the corpus
callosum (CC), white matter with high fiber density, mostly con-
sisting of uniaxially oriented nerve fiber bundles running between
the two hemispheres, the corona radiata (CR), (the outer) white
matter with lower fiber density, the basal ganglia (BG), and the cor-
tex (C). Fig. 2c shows the location of all specimens extracted from
brain VI.

We chose specimen dimensions of 5 � 5 � 5 mm, restricted by
the maximum cortical thickness of 5 mm. We excised the tissue
specimens with a scalpel and kept all tools and gloves humidified
with phosphate-buffered saline solution to ensure the tissue did
not adhere and tear during handling. Due to the particularly soft
nature of brain tissue, the samples deformed under their own
weight during preparation and mounting, which led to a variation
in final sample dimensions with an edge length ranging from 3 to
7 mm and a specimen height ranging from 2 to 5 mm. We
extracted two specimens from the corona radiata, the basal gan-
glia, and the cortex (one from each hemisphere), and three speci-
mens from the corpus callosum to increase the number of data
points for the study on directional properties. In some cases, we
were unable to extract the desired number of specimens, since
the obtained slice did not include all regions of interest (indicated
in Fig. 1 and the right column of Table 1), it was not possible to
extract more than one reasonably sized specimens from a certain
region, or that specimens broke during handling or testing.

We excised and prepared each sample shortly before testing to
limit degradation and alterations in the tissue. Throughout the
preparation process, we humidified the specimens with
phosphate-buffered saline solution to avoid dehydration. We fixed



Fig. 4. (a) Two possible compression and tension modes, along (FF) and transverse
(TT) to the nerve fiber direction f0 for specimens taken from the corpus callosum
(CC); (b) three simple shear modes ij, for i,j 2 {T,F}, where i denotes the normal
vector of the face that is shifted by simple shear and j denotes the direction of shear,
along (F) or transverse (T) to the fiber direction f0.
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a comparable tissue cube adjacent to the tested specimens in 4%
Formaldehyde solution for histological investigation. This allowed
us to detect any changes in the tissue’s microstructure due to
biomechanical testing or due to the usage of cyanoacrylate adhe-
sive to attach the samples to the testing device.
2.4. Experimental setup

After extraction and preparation, we glued each sample to the
upper specimen holder with a thin layer of cyanoacrylate adhesive,
as illustrated in Fig. 3a and b. To increase the glued surface, we
used a piece of sand paper with an average particle diameter of
58.5 lm. We measured the dimension of each sample prior to test-
ing to determine the reference configuration to calculate the
stretch, the amount of shear, and stresses during loading. We
inserted the specimen in the triaxial testing device, provided a thin
layer of adhesive to the lower specimen holder, and lowered the
upper specimen holder with the sample until we detected a pre-
load of about 10 mN. After a hardening period of 300 s, we slowly
reduced the preload to 0 mN and adjusted the relative position of
the plates in the x- and y-directions to obtain zero forces. This state
Table 2
Testing protocol for sequential testing.

Protocol 1: Sequence of multiple loading modes

� Simple shear in x -direction up to an amount of shear of c ¼ 0:2: 2 pre-conditio
� Stress relaxation in x-direction at c ¼ 0:2: 300 s holding
� Simple shear in y-direction up to an amount of shear of c ¼ 0:2: 2 pre-condition
� Relaxation in y-direction at c ¼ 0:2: 300 s holding
� Unconfined compression up to 10% strain: 2 pre-conditioning + 1 main cycle
� Stress relaxation at 10% compressive strain: 300 s holding
� Uniaxial tension up to 10% strain: 2 pre-conditioning + 1 main cycle

Table 3
Testing protocol for combined testing.

Protocol 2: Combined compression/tension-shear loading

� Simple shear up to an amount of shear of c ¼ 0:2 in two orthogonal directions (
from 0 to 25% in 5% increments

� Simple shear up to an amount of shear of c ¼ 0:2 in two orthogonal directions (2 p
25% in 5% increments
illustrated in Fig. 3c was considered the unloaded configuration.
Before we started the actual test, we carefully humidified the
sample with phosphate-buffered saline solution; the surface ten-
sion of water kept the phosphate-buffered saline solution between
the upper and lower specimen holder, as shown in Fig. 3d, and
maintained the specimens hydrated throughout the entire test
procedure. After hydration, all forces were set to zero again to com-
pensate for the force which the liquid exerted on the upper speci-
men holder. We conducted all tests at room temperature. Testing
in a bath of tempered solution at body temperature would have
precluded unmounting of the tested sample for microstructural
investigation and would have increased the risk that samples
soaked and changed properties during the course of the test.

As specimens from the corpus callosum exhibited a uniform
nerve fiber orientation f0, we distinguished between three differ-
ent modes in simple shear and two different modes in compression
and tension, as illustrated in Fig. 4. In the case of compression and
tension, the upper platform moves in the z-direction. In the case of
shear, the lower platform moves relative to the fixed upper plat-
form using a biaxial translation stage in the x- and y-directions,
as denoted in Fig. 3d. The system operates with a stroke resolution
of 0.04 lm in the z-direction and with a stroke resolution of
0.25 lm in the x- and y-directions [56]. We recorded the resulting
forces in three orthogonal directions (x; y; z) simultaneously with a
3-axes force-sensor (K3D40, ME-Measuring Equipment, Hennings-
dorf, Germany). We achieved motor control and data acquisition
using the software testXpert II Version 3.2 (Zwick/Roell GmbH &
Co. KG, Ulm, Germany) on a Windows-based personal computer.

We conducted two different testing protocols, as summarized in
Tables 2 and 3: in the first protocol, we performed a sequence of
different loading modes, shear, compression, and tension, to assess
regional and directional dependencies and to determine the corre-
sponding constitutive parameters for computational modeling; in
the second protocol, we performed simple shear experiments
superimposed by compressive and tensile loadings to validate
the constitutive parameters for multiaxial loading cases.

We chose quasi-static loading conditions with a speed of
v ¼ 2 mm/min. We applied three cycles per loading mode, where
two cycles served for pre-conditioning and the third cycle was
used for further data analysis. This allowed us to obtain a repeat-
able and comparable response for all loading modes conducted
consecutively on one sample. Preliminary investigations had
shown that two pre-conditioning cycles were the optimal number
to guarantee a repeatable mechanical response while minimizing
the risk of damage in the highly fragile tissue. As we consecutively
ning + 1 main cycle

ing + 1 main cycle

2 pre-conditioning + 1 main) superimposed on increasing compressive strain

re-conditioning + 1 main) superimposed on increasing tensile strain from 5 to
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tested each specimen under multiple loading modes, we further
had to pay particular attention not to damage the tissue and alter
its mechanical response during the course of the test. Thus, we sig-
nificantly reduced the maximum strain applied compared to previ-
ous studies [18].

In detail, the first protocol consisted of a sequence of different
loading modes starting with sinusoidal simple shear up to an
amount of shear of c ¼ 0:2 in two orthogonal directions, where
the amount of shear c specifies the relative in-plane displacement
of two parallel layers in the material body divided by their separa-
tion distance. Thus, the maximum displacement of the lower stage
in x- and y-directions yields Dx ¼ Dy ¼ 0:2H with specimen height
H. Upon completion of each direction, we conducted relaxation
tests to probe the viscoelastic properties of the tissue. Therefore,
we applied a rapid shear step up to c ¼ 0:2 with a speed of
v ¼ 100 mm/min and recorded the resulting forces for a period
of 300 s. The shear tests were followed by an unconfined uniaxial
compression test up to 10% compressive strain, a relaxation test
of 300 s holding at 10% compression, and a uniaxial extension test
up to 10% tensile strain. We obtained results from protocol 1 for a
total of n ¼ 71 samples, where 20 samples were excised from the
corpus callosum, 18 from the corona radiata, 15 from the basal
ganglia, and 18 from the cortex.

The second protocol consisted of combined compression/
tension-shear loading. We first increased the compressive strain
from 0 to 25% in increments of 5%, and subsequently the tensile
strain from 5 to 25%, again in increments of 5%; at each axial stretch
level, we applied a sinusoidal simple shear up to c ¼ 0:2 in two
orthogonal directions. Similar to protocol 1, we conducted three
cycles per stretch level and direction. Due to the long time duration
of the combined loading protocol, it was challenging to keep speci-
mens hydrated at all times.When the specimens dried out as hydra-
tion had evaporated or drained, tissue properties changed notably
and we decided not to include the results in our analysis. We per-
formed protocol 2 only for 4 samples from the corona radiata.
2.5. Histological staining

Following biomechanical testing, we fixed each specimen using
4% Formaldehyde solution. We replaced tissue water with alcohol,
cleared the samples by replacing alcohol with xylene, and embed-
ded the dehydrated samples in paraffin wax blocks. For one repre-
sentative specimen from each region of brain VI, we prepared 8–
10 lm thick histological slices. We used two different stains to
reveal the underlying microstructure, Klüver-Barrera and Gomori
silver. The Klüver-Barrera stain colors myelin wrapped around
nerve fibers in blue, neuropil in pink, and nerve cells in purple.
The Gomori silver stain colors cell nuclei and interconnections
including axons and dendrites, which are too slender and transpar-
ent to be seen in the Klüver-Barrera stain, in black. All imaging was
performed on a confocal microscope.
2.6. Data analysis and constitutive modeling

To describe the macroscopic deformation of each tested tissue
cube, we used the nonlinear equations of continuum mechanics
and introduced the deformation mapuðXÞwhich maps tissue from
the undeformed, unloaded configuration to the deformed, loaded
configuration [52]. The deformation gradient FðXÞ ¼ rXuðXÞ maps
undeformed line elements to deformed line elements, where X and
x denote the position vectors in the unloaded and loaded configu-
rations, respectively. The principal stretches ki; i ¼ 1;2;3 (not to be
confused with the eigenvalues introduced in Section 2.2.1), are the
square roots of the eigenvalues of the left and right Cauchy–Green
tensors defined by b ¼ FFT and C ¼ FTF, where ½F� ¼ diagfk1; k2; k3g.
We assumed that the tissue cubes deformed homogeneously and
that brain tissue was incompressible characterized by det F ¼ 1.

2.6.1. Simple shear
To quantify the shear response of each specimen, we computed

the amount of shear c and the corresponding shear stress. We
assumed that the cross-section of the specimen remained
unchanged during simple shear and determined the shear stresses
sxz=yz ¼ Pxz=yz ¼ f=A as the shear force f, the force recorded in the
direction of shear, divided by the shear area A ¼ WL with the spec-
imen length L and specimen width W. The deformation gradient F
for simple shear in the first direction takes on the matrix form

½F� ¼
1 0 c
0 1 0
0 0 1

2
64

3
75; ð2Þ

with the principal stretches

k1=2 ¼ c
2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ c2

4

r
and k3 ¼ 1: ð3Þ
2.6.2. Uniaxial compression/tension
In uniaxial compression and tension we computed the stretch

k ¼ 1þ Dz=H with specimen height H and z-displacement Dz. The
first Piola–Kirchhoff stress Pzz is the force f z divided by the cross-
sectional area A of the specimen in the unloaded reference config-
uration, i.e. Pzz ¼ f z=A. We assumed that the tissue cubes deformed
uniformly under unconfined compression and extension, so that
the deformation gradient F takes on the matrix form

½F� ¼
1=

ffiffiffi
k

p
0 0

0 1=
ffiffiffi
k

p
0

0 0 k

2
64

3
75; ð4Þ

with the principal stretches

k1 ¼ k2 ¼ 1ffiffiffi
k

p and k3 ¼ k: ð5Þ
2.6.3. Combined loading
For combined compression/tension-shear tests, we superim-

posed simple shear with the amount of shear c on the axial stretch
k. For a constant amount of shear, the maximum shear displace-
ments in the x- and y-directions decrease with increasing compres-
sive strain and increase with increasing tensile strain as
Dx ¼ Dy ¼ c=kH. We calculated the shear stresses by dividing the
force recorded in the direction of shear by the initial shear area
sxz=yz ¼ Pxz=yz ¼ f=A. In the combined loading case, the deformation
gradient F becomes the matrix form

½F� ¼
1=

ffiffiffi
k

p
0 kc

0 1=
ffiffiffi
k

p
0

0 0 k

2
64

3
75; ð6Þ

with the principal stretches

k1 ¼ 1ffiffiffi
k

p and k2;3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k3 þ k3c2 þ 1� h

2k

s
; ð7Þ

with h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k6 þ 2k6c2 � 2k3 þ k6c4 þ 2k3c2 þ 1

q
.

2.6.4. Constitutive modeling
Based on our experimental findings presented in the Results,

Section 3.2, we assumed an isotropic material response. We further
focused on the time-independent, hyperelastic response of brain
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tissue and neglected its time-dependent, viscous or porous contri-
butions. We adopted several widely used phenomenological
hyperelastic strain-energy functions to relate the stretch or
amount of shear to the corresponding stress.

We considered three special cases of the generalized Ogden
model with the strain-energy function W ¼ Pn

i¼1liðkai1 þ kai2 þ
kai3 � 3Þ=ai [49], where the constitutive parameters ai correspond
to the strain-magnitude sensitive nonlinear characteristics of the
tissue. The classical shear modulus, known from the linear theory,
is given by l ¼ 1=2

Pn
i¼1li ai [52]. We adopted the neo-Hookean

constitutive model with a1 ¼ 2 and l1 ¼ l, the Mooney–Rivlin
constitutive model with a1 ¼ 2;l1 ¼ C1 ¼ l� C2;a2 ¼ �2 and
l2 ¼ C2, and the one-term Ogden model, where we reformulated
the strain-energy function in terms of the classical shear modulus
l ¼ a1l1=2 and the parameter a ¼ a1. In addition, we considered
an exponential strain-energy function proposed by Demiray [50]
and a rapidly strain-stiffening constitutive model proposed by Gent
[51]. The strain-energy functions of all considered hyperelastic mod-
els expressed in terms of the principal stretches take on the forms

WN�H ¼ 1
2
lðk21 þ k22 þ k23 � 3Þ; ð8Þ

WM�R ¼ 1
2
l� C2

� �
ðk21 þ k22 þ k23 � 3Þ þ C2ðk�2

1 þ k�2
2 þ k�2

3 � 3Þ;

ð9Þ

WDmr ¼ 1
2
lfexp½bðk21 þ k22 þ k23 � 3Þ� � 1g=b; ð10Þ

WGnt ¼ �1
2
l g ln½1� ðk21 þ k22 þ k23 � 3Þ=g�; ð11Þ

WOgd ¼ 2lðka1 þ ka2 þ ka3 � 3Þ=a2: ð12Þ
We can express the first Piola–Kirchhoff stress tensor PW as the

derivative of the strain-energy function W with respect to the
deformation gradient F [52]. For an incompressible hyperelastic
material with detF ¼ 1, we obtain

PW ¼ @W
@F

� pF�T ¼
X3
i¼1

@W
@ki

ni � Ni � pF�T; ð13Þ

where ni and Ni are the eigenvectors of the left and right Cauchy–
Green tensors, respectively, and p serves as a Lagrange multiplier.
While the shear stresses in simple shear and combined loading
are independent of p, in unconfined compression and tension, we
determined p by evaluating the condition Pxx ¼ Pyy ¼ 0. The deriva-
tives of the strain-energy functions Eqs. (8)–(12) with respect to the
principal stretches yield

@WN�H

@ki
¼ l ki; ð14Þ

@WM�R

@ki
¼ ðl� 2C2Þki � 2C2=k

3
i ; ð15Þ

@WDmr

@ki
¼ l exp½bðk21 þ k22 þ k23 � 3Þ�ki; ð16Þ

@WGnt

@ki
¼ lgðg� k21 � k22 � k23 þ 3Þ�1

ki; ð17Þ

@WOgd

@ki
¼ 2lka�1

i =a; ð18Þ

for i ¼ 1;2;3.
To calibrate the constitutive parameters, we used the nonlinear
least-squares algorithm lsqnonlin in MATLAB. In a first step, we cal-
ibrated the constitutive models with the average experimental
data over different regions or directions from each loading mode
– shear, compression, and tension – separately to obtain one set
of material parameters per loading mode. We minimized the
objective function

v2 ¼
Xn
i¼1

ðPaz � PW
azÞ

2

i ; ð19Þ

where n is the number of considered experimental data points,
denoted by black dots in Fig. 15, while Paz and PW

az with the direc-
tions a ¼ x; y; z are the experimentally determined and model pre-
dicted first Piola–Kirchhoff stresses, respectively. In addition, we
used each individual experimental curve separately for calibration
of the modified one-term Ogden model to make the nonlinear
stress–strain curves amenable to statistical analyses by comparing
the shear moduli l.

In a second step, we calibrated the constitutive models with the
average experimental data of all loading modes simultaneously to
obtain one set of material parameters that not only holds for a sin-
gle loading mode but for all loading conditions performed in proto-
col 1. In this case, we minimized the objective function

v2 ¼
Xns
i¼1

ðPxz � PW
xzÞ

2

i þ
Xncþnt

i¼1

ðPzz � PW
zzÞ

2

i ; ð20Þ

where ns;nc, and nt denote the number of considered experimental
data points for shear, compression, and tension loading,
respectively.

In a last step, we calibrated the model that performed best in
the previous step, the one-term Ogden model, with data from com-
bined compression/tension-shear loadings in protocol 2 to investi-
gate whether this constitutive model is also able to capture the
tissue response under combined loading conditions. Considering
the average shear stress versus amount of shear curves of all 11
axial stretch levels (see Table 3) simultaneously, we minimized
the objective function

v2 ¼
X11
k¼1

Xn
i¼1

ðPxz;k � PW
xzðkkÞÞ

2

i ; ð21Þ

where
kk ¼ 1:00;0:95;0:90;0:85;0:80;0:75;1:05;1:10;1:15;1:20;1:25.

To evaluate the ‘goodness of fit’, we determined the coefficient

of determination R2 ¼ 1� Sres=Stot, where Sres ¼ Pn
i¼1ðPi � PW

i Þ
2
is

the sum of squares of residuals with the experimental data values
Pi, the corresponding model data values PW

i , and the number of data

points n, and Stot ¼ Pn
i¼1ðPi � �PÞ2 is the total sum of squares with

the mean of the experimental data �P ¼ 1=n
Pn

i¼1Pi.

2.7. Statistical analysis

To reveal significant regional and directional dependencies in
the mechanical properties of brain tissue, we statistically evaluated
the experimental data. To assess elastic tissue properties, we com-
pared shear moduli obtained from calibrating the modified one-
term Ogden model with each experimental stress–strain curve
separately as described in Section 2.6.4; to assess viscoelastic prop-
erties, we compared stress relaxation percentages after 5 min as
well as hysteresis areas during cyclic loading. We performed all
statistical analyses with the Statistics Toolbox in MATLAB and con-
sidered a p-value lower than 0.05 to be significant. We executed
pairwise t-tests for all possible comparisons of means in different
directions (TF, TT, and FT in shear; FF and TT in compression and



Fig. 5. Representative pre-conditioning behavior in shear (a), compression (b), and tension (c) for a specimen from the corona radiata of brain VIII; the tissue exhibits a large
hysteretic response with substantial pre-conditioning during the first loading cycle, which is more pronounced in compression and tension than in shear. The subsequent
cycles display only minor differences, wherein the ‘elastic’ response (averaged curve between loading and unloading) remains constant.

Fig. 6. Representative nominal stress versus stretch behavior of one specimen from
the corona radiata of brain VIII for increasing compressive strain from 0.1 to 0.4 in
steps of 0.1 – three cycles per stretch level. The tissue exhibits substantial pre-
conditioning during the first cycle of each stretch level, and successively softens
with increasing compression.

Fig. 7. Representative nominal stress versus stretch behavior of a specimen from
the corona radiata of brain IX loaded twice with a set of three cycles up to 10%
compressive strain separated by a 60 min recovery period. The tissue exhibited a
similar pre-conditioning pattern for both compression tests.
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tension, as denoted in Fig. 4) and different regions (corpus callo-
sum, corona radiata, basal ganglia, and cortex) in shear, compres-
sion, and tension. As this procedure postulates specifying a
significance level of 0.05 for each comparison without accounting
for the fact that we increase the chance of incorrectly finding a sig-
nificant difference with the number of comparisons, we addition-
ally performed separate Tukey–Kramer tests for multiple
comparisons – one per loading mode – across all fiber directions
(TF, TT, and FT in shear; FF and TT in compression and tension)
and across all regions (corpus callosum, corona radiata, basal gan-
glia, and cortex). The statistical analyses are supposed to indicate
which factors should be considered when developing constitutive
formulations for human brain tissue.

3. Results

3.1. Pre-conditioning behavior

Fig. 5 shows a representative mechanical response during sim-
ple shear, unconfined compression, and tension for a specimen
from the corona radiata of brain VIII. The tissue exhibited a nonlin-
ear mechanical response with notable hystereses during cyclic
loading. While we observed substantial pre-conditioning between
the first and the second loading cycle, pre-conditioning was rather
minor during all subsequent cycles. Although the offset of force at
zero strain continued to increase for compression and tension (see
Fig. 5 b and c), the ‘elastic’ response (average curve between load-
ing and unloading), which we used for calibrating the hyperelastic
constitutive model parameters, remained constant.
Fig. 6 shows the stress-stretch response of one specimen from
the corona radiata of brain VIII, where we consecutively increased
the maximum compressive strain from 0.1 up to 0.4 in steps of 0.1,
and performed three cycles per stretch level. The sample displayed
marked pre-conditioning during the first cycle of each stretch level,
which resulted in a successively softened material response.

Fig. 7 demonstrates the response of a specimen from the corona
radiata of brain IX under unconfined compression up to 10% com-
pressive strain when performing two sets of three loading cycles
separated by a 60 min recovery period. For this test, we did not
glue the sample to the upper specimen holder. This allowed us to
slightly lift the upper platform upon completion of the first com-
pression test until platen and specimen were out of contact.
Throughout the testing period, we kept the tissue cube surrounded
by the droplet of phosphate-buffered saline solution to ensure that
the sample did not dry out during the waiting period. Interestingly,
after 60 min, the tissue cube had almost completely recovered and
showed a pre-conditioning pattern remarkably similar to that of
the initial compression test.
3.2. Direction-dependent mechanical behavior

Fig. 8 reveals the influence of anisotropic nerve fiber distribu-
tion on the mechanical response in shear, compression, and ten-
sion. As nerve fibers are aligned uniaxially in specimens from the
corpus callosum, we can distinguish between three possible shear
modes and two possible compression and tension modes, as illus-
trated in Fig. 4. The mean tissue responses showed no significant



Fig. 8. Direction-dependent behavior of brain tissue: (a)–(c) average curves and corresponding standard deviations indicated by error bars in shear, compression, and tension
for specimens from the corpus callosum with different preferred nerve fiber direction. In simple shear, we distinguish between three modes ij, for i,j 2 {T,F}, where I denotes
the normal vector of the face that is shifted by simple shear and J denotes the direction in which the face is shifted, along (F) or transverse (T) to the uniaxial fiber direction f0.
In compression and tension, we distinguish between loading along nerve fibers (FF) and transverse to nerve fibers (TT); (d)–(f) average ‘elastic’ behavior in shear,
compression, and tension with corresponding modified Ogden constitutive model with the strain-energy function WOgd ¼ 2l=a2ðka1 þ ka2 þ ka3 � 3Þ. Data reveal no remarkable
difference between different shear modes (FT, TT, and TF). In compression, the response was marginally softer in the FF mode. In tension, it was slightly stiffer in the FF mode.
The number of specimens considered in shear (s), compression (c), and tension (t) are ns;TF ¼ 13, ns;TT ¼ 13, ns;FT ¼ 13, nc;FF ¼ 7, nc;TT ¼ 13, nt;FF ¼ 6, and nt;TT ¼ 13 respectively.

Fig. 9. Column plots of shear moduli (mean ± SD) obtained from calibrating the
modified one-term Ogden model with each experimental curve separately averaged
over three possible modes in simple shear (FT, TT, and TF, as denoted in Fig. 4), and
two possible modes in compression and tension (FF and TT) for all specimens from
the corpus callosum. The data indicate a marginally softer response along nerve
fibers in compression and marginally stiffer response along fibers in tension but
neither of the differences appeared to be statistically significant.

Fig. 10. Shear moduli obtained by calibrating the modified one-term Ogden model
with the simple shear response in the first (x-) direction versus shear moduli
calibrated with the response in the second (y-) direction, with the line of equality
for all tested specimens from the corpus callosum (CC), the corona radiata (CR), the
basal ganglia (BG), and the cortex (C) independent of the axon orientation. The
results fit a straight line fairly well. Outlying specimens from the corpus callosum,
which consist of uniaxially aligned nerve fibers, do not show a correlation between
the shear mode (FT, TT, or TF, as denoted in Fig. 4) in the x/y-directions and the
anisotropic shear response.
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directional dependency. Though, we observed a marginally softer
average mechanical response along the fibers (in the FF mode) in
compression and a marginally stiffer response along the fibers in
tension.

Fig. 8 d–f demonstrate that the modified one-term Ogdenmodel
was able to capture the average ‘elastic’ response as the average
between the loading and the unloading path in different axon
directions for all loading modes. We note that the average between
the two paths is assumed to be the hyperelastic tissue behavior as
the strain rate approaches zero and the hystereses vanishes. All
possible shear modes yielded similar values for the material
parameters l and a. In accordance with the slightly stiffer response
along fibers in tension, we obtained a slightly higher shear
modulus l for the FF mode than for the TT mode, and a clearly
higher value for a. The slightly stiffer response transverse to fibers
in compression yielded a higher shear modulus in the TT than in
the FF mode.



Fig. 11. Region-dependent behavior of brain tissue: (a)–(c) average curves and corresponding standard deviations indicated by error bars in shear, compression, and tension
for different regions: corpus callosum (CC), corona radiata (CR), basal ganglia (BG), and cortex (C); (d)–(f) average ‘elastic’ behavior in shear, compression, and tension with
corresponding modified Ogden constitutive model with the strain-energy function WOgd ¼ 2l=a2ðka1 þ ka2 þ ka3 � 3Þ. The data reveal that the cortex is the stiffest structure,
while the corpus callosum is the softest. The mechanical behavior of tissue from the corona radiata and the basal ganglia is similar. The number of specimens considered in
shear (s), compression (c), and tension (t) are ns;CC ¼ 39, ns;CR ¼ 36, ns;BG ¼ 29, ns;C ¼ 35, nc;CC ¼ 20, nc;CR ¼ 18, nc;BG ¼ 15, nc;C ¼ 17, nt;CC ¼ 19, nt;CR ¼ 18, nt;BG ¼ 15, and
nt;C ¼ 15.
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Fig. 9 summarizes the shear moduli (mean ± SD) obtained by
calibrating the modified one-term Ogden model with each experi-
mental curve separately for the three possible modes for simple
shear (FT, TT, and TF) and the two possible modes for compression
and tension (FF and TT). Neither pairwise t-tests nor Tukey–Kra-
mer tests across the different modes revealed statistically signifi-
cant dependencies on nerve fiber orientation.

Fig. 10 demonstrates directional dependencies in the shear
response for all tested specimens – regardless of nerve fiber distri-
bution. In this graph, we plot the shear modulus obtained from cal-
ibration with the simple shear response in two orthogonal
directions against each other together with the line of equality;
each point in Fig. 10 represents one tested tissue cube. The line
of equality represents the data fairly well. Although diffusion ten-
sor images confirmed that specimens from the corpus callosum
featured the highest anisotropy in terms of their microstructure,
rather specimens from the cortex exhibited the highest anisotropy
in simple shear experiments. Furthermore, outliers excised from
the corpus callosum shown in red do not show a correlation
between the anisotropic shear response and the preferred axon ori-
entation. Since we did not find a significant mechanical tissue ani-
sotropy, from now on, we will average the shear response in the x-
and y-directions to obtain a single representative shear response
for every tested specimen.

3.3. Region-dependent behavior

Fig. 11 shows the average mechanical response in shear, com-
pression, and tension for the different regions of interest: the cor-
pus callosum, the corona radiata, the basal ganglia, and the cortex.
Independent of the loading mode, the cortex exhibited the stiffest
behavior and the corpus callosum the softest. The mechanical
responses of the corona radiata and the basal ganglia were compa-
rable; the corona radiata was slightly stiffer than the basal ganglia
in shear and compression but slightly softer in tension. This was
also reflected by the constitutive parameters obtained from cali-
brating the modified one-term Ogden model with the average
‘elastic’ response as the average between the loading and the
unloading path, as shown in Fig. 11 d–f. The shear modulus l
was highest in the cortex and lowest in the corpus callosum, while
the basal ganglia and corona radiata displayed similar shear mod-
uli l. However, coming along with the slightly stiffer response of
specimens from the corona radiata in shear and compression, the
value of a accounting for the nonlinearity of the curve adopted a
slightly higher value. In general, the shear moduli l were highest
in compression and lowest in shear. In contrast, the a values were
highest in tension and lowest in compression. In tension, tissue
samples from the cortex exhibited a qualitatively different, partic-
ularly nonlinear response, which resulted in a significantly higher
value for a.

Fig. 12a displays column plots of the shear moduli (mean ± SD)
obtained from separately calibrating the modified one-term Ogden
model with each experimental curve. Pairwise t-tests revealed that
shear moduli in the cortex were significantly larger and the shear
moduli in the corpus callosum were significantly smaller than in
all other regions, as denoted by the asterisks in Fig. 12a. However,
there was no significant difference between the shear moduli in
the corona radiata and the basal ganglia. The Tukey–Kramer tests
across all regions confirmed the results of the pairwise t-tests in
compression; in shear and tension, however, corona radiata and
corpus callosum were not significantly different from one another.

Tables 4–6 summarize all shear moduli l and corresponding a
from calibrating the modified one-term Ogden model with each
‘elastic’ response in shear, compression, and tension. Missing
entries indicate that some brains did not provide enough tissue
to extract the desired number of specimens or that specimens
got damaged during testing. We tested the quality of each calibra-
tion by evaluating the coefficient of determination with an average



Fig. 12. (a) Column plots of shear moduli (mean ± SD) obtained from calibrating the
modified one-term Ogden model with each experimental curve separately averaged
over different regions, the corpus callosum (CC), the corona radiata (CR), the basal
ganglia (BG), and the cortex (C) in shear, compression and tension. Compression
experiments yield higher shear moduli than simple shear and tension experiments.
Independent of the loading mode, the cortex was the stiffest structure and the
corpus callosum the softest. Asterisks denote statistically significant differences
from pairwise t-tests; significances in parentheses were not confirmed by Tukey–
Kramer tests for multiple comparisons; (b) average hysteresis area (mean ± SD) for
different regions (CC, CR, BG, and C) under different loading modes (shear,
compression, and tension). The hysteresis area strongly depends on the loading
mode and correlates with the applied deformation. White matter exhibits a larger
hysteresis area than gray matter.

Table 4
Constitutive parameters obtained from calibrating the modified Ogden model with the st
tested specimen. The average coefficient of determination was �R2 ¼ 0:964 with a standard d
callosum (CC), the corona radiata (CR), the basal ganglia (BG), and the cortex (C), and diff

CC CC CC CR C

I l 0.13 0.22 – 0.40 0.4
a �22.4 �17.8 – �25.7 �25

II l 0.32 0.25 – 0.32 0.6
a �17.5 �25.4 – �34.2 �3

III l 0.47 0.21 0.57 0.82 1.1
a �26.6 �17.5 �26.6 �27.5 �23

IV l 0.71 0.57 – 0.59 0.6
a �19.2 �25.7 – �28.3 �16

V l – – – 0.49 –
a – – – �17.2 –

VI l 0.29 0.30 0.35 0.60 0.3
a �22.8 �15.6 �14.8 �22.4 �13

VII l 0.30 0.29 0.71 0.64 0.8
a �16.7 �15.2 �17.0 �28.3 �17

VIII l 0.17 0.15 – 0.44 0.2
a �21.6 �24.0 – �18.8 �21

IX l 0.13 0.20 – 0.26 –
a �39.6 �23.9 – �33.3 –

X l 0.30 – – 0.44 0.4
a �30.0 – – �21.6 �24

Mean l 0.33 ± 0.18 0.54 ± 0.21
� SD a �22.0 ± 6.1 �23.9 ± 5.9
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of �R2 ¼ 0:964 in shear, �R2 ¼ 0:999 in compression, and �R2 ¼ 0:990
in tension. The comparatively low coefficient of determination in
shear arises from the fact that the shear responses in the two
orthogonal directions were calibrated simultaneously, and that
some specimens exhibited a slightly anisotropic shear behavior,
as indicated in Fig. 10.

Fig. 12b shows the average hysteresis areas (mean ± SD) as a
measure of the dissipated energy during one loading cycle. The
hysteresis area strongly depends on the loading mode and corre-
lates with the maximum amount of strain and stress. Under similar
loading conditions, specimens from the corona radiata and from
the corpus callosum exhibited larger hysteresis areas compared
to the corresponding shear moduli shown in Fig. 12a. Accordingly,
in contrast to comparisons of shear moduli in different regions, t-
tests revealed significant differences for all pairwise comparisons
besides the corpus callosum and basal ganglia under shear and
compressive loading. Tukey–Kramer tests denoted no significant
difference between the corona radiata and basal ganglia in shear,
and additionally no difference between corona radiata and cortex
in compression. In tension, both pairwise t-tests and the
Tukey–Kramer test revealed that the average hysteresis areas of
all regions were significantly different from one another with
exceptions of the corona radiata and basal ganglia, similar to the
corresponding shear moduli.

3.4. Time-dependent behavior

Fig. 13 a and c show the average scaled stress relaxation and cor-
responding standard deviations for different brain regions in shear
and compression.Weaveraged the relaxationbehavior in shear over
all data obtained including two orthogonal directions for each spec-
imen, which leads to a higher number of curves considered in shear
than in compression. In tension, the stress recordedduring the relax-
ation period has been too low to provide reasonable results. Column
plots (mean ± SD) of the corresponding peak stress (Fig. 13b), and
stress relaxation percentage after 5 min (Fig. 13d) indicate that the
relaxation behavior did not correlate with the elastic behavior of
the tissue. In fact, white matter relaxed faster than gray matter.
Within white matter, the corpus callosum appeared to relax faster
than the corona radiata, whereas in gray matter, the basal ganglia
rain-energy function WOgd ¼ 2l=a2ðka1 þ ka2 þ ka3 � 3Þ and the shear response of each
eviation of �0:094. Values are averaged (mean ± SD) over different regions, the corpus
erent subjects, brain I-X.

R BG BG C C mean ± SD

9 0.79 0.60 0.79 1.00 0.55 ± 0.30
.2 �16.8 �32.5 �33.9 �30.8 �25.7 ± 6.5
1 0.36 0.55 0.88 1.29 0.57 ± 0.36
0.0 �25.7 �19.1 �29.6 �27.7 �26.1 ± 5.6
0 0.65 – 1.00 0.81 0.70 ± 0.29
.7 �24.6 – �27.9 �21.8 �24.5 ± 3.5
9 0.46 1.05 – 2.21 0.90 ± 0.61
.8 �23.7 �17.5 – �28.2 �22.8 ± 4.9

– – 1.06 – 0.77 ± 0.40
– – �21.0 – �19.1 ± 2.7

8 0.62 0.81 1.18 1.05 0.62 ± 0.33
.0 �16.2 �19.6 �21.1 �22.0 �18.6 ± 3.7
0 – – 1.42 1.22 0.77 ± 0.43
.1 – – �16.8 �24.8 �19.4 ± 5.0
9 0.27 0.35 0.86 0.95 0.43 ± 0.31
.8 �17.5 �19.7 �17.1 �22.0 �20.3 ± 2.4

0.55 0.44 0.52 1.06 0.45 ± 0.31
�18.7 �20.8 �27.1 �25.9 �27.0 ± 7.3

2 0.50 0.46 0.72 1.03 0.55 ± 0.25
.6 �17.8 �24.0 �21.7 �23.4 �23.3 ± 3.7

0.56 ± 0.20 1.06 ± 0.36
�20.9 ± 4.4 �24.6 ± 4.6



Table 5
Constitutive parameters obtained from calibrating the modified Ogden model with the strain-energy function WOgd ¼ 2l=a2ðka1 þ ka2 þ ka3 � 3Þ and the compression response of
each tested specimen. The average coefficient of determination was �R2 ¼ 0:999 with a standard deviation of �0:001. Values are averaged (mean ± SD) over different regions, the
corpus callosum (CC), the corona radiata (CR), the basal ganglia (BG), and the cortex (C), and different subjects, brain I-X.

CC CC CC CR CR BG BG C C mean ± SD

I l 0.31 0.48 – 0.56 0.67 0.98 0.78 0.86 1.00 0.70 ± 0.24
a 48.2 �22.9 – �24.8 �21.2 �15.1 �18.2 �24.5 �24.1 �12.8 ± 24.9

II l 0.47 0.32 – 0.66 0.85 0.57 1.09 1.29 1.90 0.89 ± 0.52
a �20.3 �23.7 – �23.7 �15.9 �17.3 �18.8 �16.9 �15.7 �19.0 ± 3.2

III l 0.49 0.36 0.67 1.22 1.23 0.93 – 1.34 0.89 0.89 ± 0.36
a �21.7 �24.3 �25.9 �23.2 �21.1 �13.9 – �19.7 �19.0 �21.1 ± 3.7

IV l 0.32 0.52 – 1.12 1.44 0.69 1.40 – 2.67 1.17 ± 0.79
a �23.0 �31.2 – �18.7 �17.0 �19.2 �14.2 – �10.9 �19.2 ± 6.5

V l – – – 0.95 – – – 2.42 – 1.69 ± 1.04
a – – – �23.7 – – – �16.7 – �20.2 ± 5.0

VI l 0.35 0.56 0.49 0.94 0.73 0.95 0.98 2.77 2.10 1.09 ± 0.81
a �27.1 �22.3 �18.3 �18.5 �16.4 �14.9 �17.8 �12.4 �10.4 �17.6 ± 5.0

VII l 0.29 0.27 1.07 0.91 1.42 – – 2.17 2.44 1.23 ± 0.85
a �22.4 �23.8 �25.7 �26.2 �15.5 – – �12.4 �14.0 �20.0 ± 5.8

VIII l 0.41 0.46 – 0.48 0.55 0.60 0.67 1.42 1.30 0.74 ± 0.40
a 34.8 �10.6 – �17.5 �12.7 29.1 �15.5 �12.7 �12.4 �2.2 ± 21.2

IX l 0.70 0.41 – 0.60 – 0.98 0.66 0.53 1.69 0.79 ± 0.43
a 14.2 34.8 – �22.9 – �10.8 �13.0 �16.2 �25.9 �5.7 ± 22.1

X l 0.45 – – 0.61 0.53 0.83 0.52 – 0.95 0.65 ± 0.20
a �17.8 – – �17.5 �21.0 �12.4 �15.4 – �16.1 �16.7 ± 2.9

Mean l 0.47 ± 0.18 0.86 ± 0.31 0.84 ± 0.24 1.63 ± 0.70
� SD a �11.4 ± 23.8 �19.9 ± 3.7 �12.5 ± 11.7 �16.5 ± 4.8

Table 6
Constitutive parameters obtained from calibrating the modified Ogden model with the strain-energy function WOgd ¼ 2l=a2ðka1 þ ka2 þ ka3 � 3Þ and the tension response of each
tested specimen. The average coefficient of determination is �R2 ¼ 0:990 with a standard deviation of �0:018. Values are averaged (mean ± SD) over different regions, the corpus
callosum (CC), the corona radiata (CR), the basal ganglia (BG), and the cortex (C), and different subjects, brain I-X.

CC CC CC CR CR BG BG C C Mean ± SD

I l – 0.27 – 0.19 0.50 0.89 0.56 0.83 0.84 0.58 ± 0.28
a – �15.9 – �22.6 �34.1 �39.7 �32.9 �82.9 �58.7 �41.0 ± 22.9

II l 0.50 0.33 – 0.42 0.74 0.52 0.52 0.91 1.58 0.69 ± 0.40
a �45.5 �30.9 – �46.3 �36.7 �45.4 �20.7 �45.4 �55.0 �40.7 ± 10.8

III l 0.48 0.27 0.45 0.83 0.94 0.80 – 0.99 – 0.68 ± 0.28
a �18.4 �12.9 �14.0 �40.5 �37.2 �38.0 – �38.6 – �28.5 ± 12.7

IV l 0.21 0.05 – 0.73 0.85 0.43 0.87 – 2.21 0.77 ± 0.71
a �20.9 �73.5 – �36.4 �11.6 �19.7 �25.9 – �46.1 �33.4 ± 21.0

V l – – – 0.52 – – – 1.27 – 0.90 ± 0.53
a – – – �12.8 – – – �13.4 – �13.1 ± 0.4

VI l 0.26 0.29 0.27 0.54 0.67 0.61 0.67 1.30 1.47 0.68 ± 0.44
a �20.8 �11.8 �10.0 �29.0 �13.3 �11.8 �17.8 �13.5 �17.2 �16.1 ± 5.9

VII l 0.24 0.20 0.68 0.60 0.78 – – – 1.54 0.67 ± 0.49
a �22.8 �12.2 �12.1 �46.1 �12.1 – – – �23.6 �21.5 ± 13.2

VIII l 0.22 0.35 – 0.35 0.56 0.38 0.60 0.84 1.04 0.54 ± 0.28
a �24.2 �15.3 – �12.6 �30.2 �16.9 �55.5 �12.6 �40.8 �26.0 ± 15.4

IX l 0.43 0.23 – 0.41 – 0.79 0.57 0.50 1.36 0.61 ± 0.37
a �46.1 �36.3 – �26.0 – �21.8 �28.5 �57.0 �35.7 �35.9 ± 12.3

X l 0.47 – – 0.44 0.36 0.82 0.49 – 0.71 0.55 ± 0.17
a �42.3 – – �30.9 �47.9 �35.3 �39.5 – �42.5 �39.7 ± 6.0

Mean l 0.33 ± 0.14 0.58 ± 0.20 0.64 ± 0.16 1.16 ± 0.43
� SD a �25.6 ± 16.5 �29.2 ± 12.6 �30.0 ± 12.2 �38.9 ± 20.2
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and the cortex exhibited similar relaxation behavior. For shear load-
ing, pairwise t-tests revealed that the relaxation percentages after
5 min are indistinguishable in corona radiata and corpus callosum,
and basal ganglia and cortex, respectively; both graymatter regions
showeda significantlydifferent relaxationbehavior frombothwhite
matter regions. The Tukey–Kramer test only confirmed differences
between corona radiata and cortex andbasal ganglia and corpus cal-
losum, respectively. For compressive loading, pairwise t-tests indi-
cated significant differences in the relaxation behavior of all pairs
of regions besides the basal ganglia and the cortex, which was con-
firmed by the Tukey–Kramer test.
Fig. 12a reveals that the peak stresses during the relaxation
experiments showed different regional trends than the shear mod-
uli in Fig. 12a. For shear loading, pairwise t-tests again revealed
significantly higher stresses in the cortex than in all other regions,
but stresses in the corona radiata were significantly higher than in
the basal ganglia and the corpus callosum, while the latter two
were indistinguishable. The Tukey–Kramer test confirmed all sig-
nificant relations besides the one between corona radiata and basal
ganglia. For compression loading, peak stresses in cortex and cor-
ona radiata showed no significant difference. While the t-test still
notified significantly higher stresses in the corona radiata than in



Fig. 13. Time-dependent behavior of human brain tissue: (a) average scaled stress relaxation behavior and corresponding standard deviations indicated by error bars at an
amount of shear c ¼ 0:2 in different regions of the brain, the corpus callosum (CC; n ¼ 20), the corona radiata (CR; n ¼ 31), the basal ganglia (BG; n ¼ 26), and the cortex (C;
n ¼ 33); (b) average scaled stress relaxation behavior at 10% compression in the CC (n ¼ 18), the CR (n ¼ 18), the BG (n ¼ 15), and the C (n ¼ 16); (c) column plots of peak
stresses at an amount of shear of c ¼ 0:2 and 10% compression (mean ± SD) indicate that the elastic behavior does not correlate with the relaxation behavior. The peak
stresses were highest in the cortex, intermediate in the corona radiata, and lowest in the basal ganglia and corpus callosum; (d) column plots of the stress relaxation
percentages after 5 min (mean ± SD). White matter (CC and CR) relaxed faster than gray matter (BG and C).
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the corpus callosum and the basal ganglia similar to shear loading,
the Tukey–Kramer did not.

3.5. Microstructural analysis

Fig. 14 illustrates the microstructure of one representative tis-
sue cube from each region of brain VI, the corpus callosum, the
corona radiata, the basal ganglia, and the cortex. The Klüver
Barrera staining (Fig. 14 a and b) – coloring myelin wrapped
around nerve fibers in blue, neuropil in pink, and nerve cells
in purple – reveals a similar cell decomposition in white matter,
the corpus callosum and the corona radiata, and in gray matter,
the basal ganglia and the cortex, respectively. The stains from
the corpus callosum (Fig. 14a left) further confirm the uniaxial
orientation of nerve fibers in the corpus callosum, where glial
cells shown in purple and pink highly align along axon bundles.

The Gomori silver staining shown in Fig. 14c not only colors cell
nuclei but also interconnections including axons and dendrites.
This stain evidences the microstructural distinction of all four
regions of interest. Cell bodies in the cortex are larger and den-
drites are more branched than in the basal ganglia.

To ensure that the microstructure was not altered during
biomechanical testing, we additionally fixed and stained tissue
cubes adjacent to the tested regions. The microstructural investiga-
tion revealed no indication of changes in the microstructure as a
result of the testing protocol: cell bodies had similar size, shape
and distribution.

3.6. Calibrating hyperelastic constitutive parameters

Fig. 15 compares the calibrated constitutive models from Sec-
tion 2.6.4 using the ‘elastic’ experimental data of each loading
mode separately (Fig. 15 a–c) with the calibrated models using
all loading modes simultaneously (Fig. 15 d–f), here shown exem-
plarily for measurements of the corona radiata.

Table 7 summarizes the corresponding material parameters and
coefficients of determination for all four regions. As the shear
response of brain deviated from linearity, even for small amounts
of shear, neither the neo-Hookean nor the Mooney–Rivlin constitu-
tive model were able to satisfactorily represent the experimental
data, as shown in Fig. 15 d–f. While the Gent, the Demiray, and
the modified one-term Ogden model represented the data well
when calibrated with each loading mode separately, only the latter
was able to represent all loading modes simultaneously. More pre-
cisely, only the one-term Ogden model was able to capture the
compression-tension asymmetry with a notably softer response



Fig. 14. Microstructure of an exemplary specimen from each region of brain VI, the corpus callosum, the corona radiata, the basal ganglia, and the cortex: (a) Klüver-Barrera
staining coloring myelin wrapped around nerve fibers in blue, neuropil in pink, and nerve cells in purple at 63�magnification; (b) Klüver-Barrera staining at
20�magnification; (c) Gomori silver staining coloring cell nuclei and interconnections including axons and dendrites in brown and black at 20�magnification.

Fig. 15. Calibrating constitutive parameters. Different hyperelastic strain-energy functions (neo-Hooke, Mooney–Rivlin, Demiray, Gent, and Ogden) calibrated with average
experimental data for all specimens from the corona radiata (CR) in shear (n ¼ 36), compression (n ¼ 18), and tension (n ¼ 18). Black dots denote experimental data points
considered for calibration: (a)–(c) constitutive models calibrated with data from each loading mode separately; (d)–(f) constitutive models calibrated with data from all
loading modes simultaneously. The constitutive parameters are given in Table 7. While the Demiray, the Gent and the modified one-term Ogden model satisfactorily
represent the response of each loading mode separately, only the modified one-term Ogden model is able to represent the response of all loading modes simultaneously.
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Table 7
Constitutive parameters and corresponding coefficients of determination obtained by calibrating five hyperelastic constitutive models (neo-Hookean, Mooney–Rivlin, Demiray,
Gent, and modified one-term Ogden model) with the averaged ‘elastic’ behavior in different regions, the corpus callosum (CC), the corona radiata (CR), the basal ganglia (BG), and
the cortex (C), for each loading mode separately, and all loading modes simultaneously.

Shear Compression Tension Simultaneous fit

neo-Hookean model

l R2 l R2 l R2 l R2
s R2

c R2
t

CC 0.53 0.966 0.99 0.877 0.29 0.988 0.65 0.920 0.608 0.000
CR 0.96 0.955 1.75 0.900 0.52 0.986 1.15 0.918 0.627 0.000
BG 0.89 0.970 1.37 0.944 0.57 0.984 0.99 0.957 0.738 0.000
C 1.95 0.952 2.80 0.935 1.22 0.945 2.07 0.948 0.763 0.000

Mooney–Rivlin model

l c2 R2 l c2 R2 l c2 R2 l c2 R2
s R2

c R2
t

CC 0.53 0.13 0.966 0.92 0.00 0.897 0.29 0.13 0.988 0.65 0.00 0.912 0.712 0.000
CR 0.96 0.24 0.955 1.62 0.00 0.919 0.52 0.26 0.986 1.16 0.00 0.911 0.733 0.000
BG 0.89 0.22 0.970 1.27 0.00 0.959 0.57 0.29 0.984 1.00 0.00 0.956 0.834 0.000
C 1.95 0.49 0.952 2.59 0.00 0.951 1.22 0.61 0.945 2.08 0.00 0.948 0.851 0.000

Demiray model

l b R2 l b R2 l b R2 l b R2
s R2

c R2
t

CC 0.33 18.1 0.999 0.55 28.4 0.999 0.28 1.29 0.988 0.42 20.5 0.883 0.680 0.000
CR 0.56 20.8 0.999 1.05 24.6 0.998 0.48 4.37 0.990 0.74 20.3 0.905 0.688 0.000
BG 0.58 16.6 0.999 0.97 17.1 0.999 0.52 6.03 0.992 0.71 15.8 0.962 0.774 0.000
C 1.17 21.9 1.000 1.90 18.8 0.999 0.91 16.7 0.992 1.35 20.0 0.975 0.809 0.000

Gent model

l g R2 l g R2 l g R2 l g R2
s R2

c R2
t

CC 0.36 0.08 1.000 0.62 0.06 0.995 0.29 85.0 0.988 0.46 0.08 0.887 0.671 0.000
CR 0.62 0.08 0.999 1.16 0.06 0.995 0.48 0.23 0.990 0.82 0.08 0.907 0.680 0.000
BG 0.62 0.09 0.999 1.01 0.08 0.998 0.52 0.18 0.992 0.75 0.09 0.962 0.771 0.000
C 1.23 0.07 1.000 2.01 0.08 0.998 0.92 0.08 0.994 1.47 0.08 0.975 0.804 0.000

Modified one-term Ogden model

l a R2 l a R2 l a R2 l a R2
s R2

c R2
t

CC 0.32 �22.8 0.999 0.43 �22.8 1.000 0.35 �26.6 0.995 0.35 �25.3 0.947 0.988 0.994
CR 0.54 �24.8 0.999 0.85 �20.5 1.000 0.61 �30.5 0.996 0.66 �24.3 0.962 0.986 0.986
BG 0.57 �21.7 0.998 0.83 �15.5 1.000 0.65 �32.5 0.997 0.70 �18.7 0.989 0.993 0.980
C 1.06 �25.6 0.999 1.61 �16.6 1.000 1.20 �43.6 0.996 1.43 �19.0 0.991 0.998 0.928
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in tension than in compression by adopting a negative value for the
material parameter a. In general, unconfined compression overes-
timated the stiffness values, while shear and tension underesti-
mated the stiffness compared to the values obtained from the
simultaneous calibration with all loading modes. Especially for tis-
sue from the basal ganglia and the cortex, the absolute value of the
parameter a, which accounts for the nonlinearity of the stress–
strain response, was higher in tension than in shear and compres-
sion. We note that in simple shear, shear stresses predicted by the
constitutive model are independent of the sign of a. Thus, calibrat-
ing the constitutive model exclusively with simple shear data does
not provide information on the sign of the parameter a.
3.7. Combined loading

Fig. 16a shows the average shear stress versus amount of shear
behavior of specimens from the corona radiata with the corre-
sponding standard deviations indicated by error bars for all axial
stretch levels performed under combined compression/tension-
shear loading according to protocol 2. Consistent with the
compression-tension asymmetry observed during protocol 1, shear
stresses increased with increasing compression but remained
almost constant with increasing tension. Fig. 16b illustrates that
the modified one-term Ogden model, Eq. (12), was able to capture
this feature with an average coefficient of determination of
�R2 ¼ 0:966. Calibrating the constitutive model with the average
‘elastic’ response of all axial stretch levels simultaneously yielded
a similar value for the shear modulus l as calibrating the model
with the average experimental data in the corona radiata of all
loadingmodes in protocol 1 simultaneously, as indicated in Table 7,
bottom. However, the absolute value of a obtained from protocol 2
was much lower than the corresponding value obtained from pro-
tocol 1. A high value of a � �20 would yield unrealistically high
shear stresses for high compressive or tensile pre-strain in the
combined loading case. In contrast, a low value of a � �7 is not
capable of representing the nonlinearity of the shear stress versus
amount of shear curve reasonably well.
3.8. Magnetic resonance imaging

Fig. 2d shows an RGB color-coded FA image, where FA is repre-
sented by the intensity (brightness), and the color encodes the ori-
entation of the eigenvector associated with k1, by mapping its
three elements to the RGB color space.

Correlation of FAwith the shearmodulil showed a linear depen-
dency with a negative slope in shear (l ¼ 1:18� 1:34 FA,
r ¼ �0:65; p < 0:001), compression (l ¼ 1:84� 2:17 FA,
r ¼ �0:65; p < 0:001), tension (l ¼ 1:3� 1:55 FA, r ¼ �0:69;
p < 0:001) and under simultaneous loading (l ¼ 1:57� 1:96 FA,
r ¼ �0:66; p < 0:001). The strongest decrease of l with increasing
FA was found in compression, which is shown in Fig. 17. The corre-
lation shown in Fig. 17 is similar for shear, tension and simultaneous
loading.
4. Discussion

The current experimental study provides not only novel
insights into regional and directional variations of brain tissue



Fig. 16. Combined compression/tension-shear loading: (a) average shear stress
versus amount of shear response; (b) average ‘elastic’ shear stress versus amount of
shear with standard deviations indicated by error bars and corresponding model fit
to the modified Ogden strain-energy function WOgd ¼ 2l=a2ðka1 þ ka2 þ ka3 � 3Þ for
sinusoidal simple shear superimposed on axial stretch k ¼ 1:0 (n ¼ 8), 0.95 (n ¼ 8),
0:9 (n ¼ 8), 0.85 (n ¼ 8), 0.8 (n ¼ 8), 0:75 (n ¼ 8), 1.05) (n ¼ 8), 1.1 (n ¼ 8), 1.15
(n ¼ 8), 1:2 (n ¼ 8), and 1.25 (n ¼ 5). The average coefficient of determination was
�R2 ¼ 0:966 with a standard deviation of �0:026. Shear stresses increase with
increasing compressive strain but not with increasing tensile strain.

Fig. 17. Correlation of the shear modulus l under compression with fractional
anisotropy FA of all brain samples. There is a significant decrease of the shear
modulus with increasing FA (l ¼ 1:84� 2:17 FA, r ¼ �0:65 and p < 0:001).
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properties, but also essential information to establish realistic con-
stitutive models capable of capturing the mechanics of the brain
under multiaxial loading. For the first time, we tested the same
specimen under different loading modes, simple shear in two
orthogonal directions, unconfined compression, and extension,
and performed complementary combined compression/tension-
shear tests. Furthermore, we combined biomechanical testing with
antecedent diffusion tensor imaging and histological staining. In
agreement with previous studies [37,18], we observed that the
mechanical response of human brain tissue is highly nonlinear
and viscoelastic, with a pronounced compression-tension asym-
metry. The elastic response is region-dependent but not
direction-dependent, not even in the microstructurally highly ani-
sotropic corpus callosum. The viscous response is also regional-
dependent. Of all five models analyzed in our study, neo-
Hookean, Mooney Rivlin, Demiray, Gent, and Ogden, only the iso-
tropic modified one-term Ogden model is capable of representing
the hyperelastic tissue response under combined shear, compres-
sion, and tension loadings. It captures the significantly stiffer
response in compression than in tension, and the characteristic
increase in shear stress under superimposed compression, but
not under superimposed tension.
4.1. Pre-conditioning behavior

During cyclic loading, brain tissue exhibited pronounced pre-
conditioning effects, as illustrated in Fig. 5. The main part of the
mechanical softening associated with decreasing hysteresis area
occurred between the first and second loading cycles. A similar
behavior has been reported previously in unconfined uniaxial com-
pression tests of porcine brain tissue [57]. Our experiments revealed
that the percentage loss in hysteresis area between the first and sec-
ond cycleswashigher in compression and tension than in shear. Past
the second loading cycle, pre-conditioning effects became minor
and were mainly characterized by a slight increase in the offset of
force at zero strain. We attribute this characteristic to the porous
nature of the tissue, where interstitial fluid is gradually squeezed
out of the tissue sample. After the first loading cycle, the ‘elastic’
response remained remarkably constant. To ensure repeatable and
comparable results, we decided to perform two pre-conditioning
cycles per loading mode. The same number of pre-conditioning
cycles has previously been considered as suitable for experiments
on porcine brain tissue [15].

The pre-conditioning behavior occurred whenever the tissue
was loaded under a new mode and whenever the load increased
beyond its previous maximum value. Thereby, the second shear
test in the direction orthogonal to the initial one revealed a similar
pre-conditioning behavior and similar shear stresses as during pri-
mary loading. This observation confirms that we can sequentially
load a single sample under different modes and different loading
directions without destroying the tissue integrity and altering its
mechanical response. When we incrementally increased the
applied load, e.g., the compressive strain, as shown in Fig. 6, we
observed significant softening during the first cycle of each strain
level. Similar strain softening has previously been reported in the
passive human myocardium [45].

Our results suggest that the pre-conditioning in brain tissue is
recoverable. When repeating an unconfined compression test after
a waiting period of one hour, the tissue had fully recovered and dis-
played a similar pre-conditioning behavior as during the initial test
with the same amount of energy dissipation between the first and
second cycles andonlyminor pre-conditioning effects during subse-
quent cycles, as indicated in Fig. 7. We conclude that the pre-
conditioning behavior of brain tissue is not associated with tissue
damage such as a microstructural reorganization but with recover-
able changes in the tissue state such as drainage of interstitial fluid
or intracellular interaction between cytoplasm, nucleus, and mem-
brane during cellular deformation [58]. Our results agree well with
comparable experiments performed on porcine brains [57].
4.2. Direction-dependent mechanical behavior

While MRI demonstrated highly anisotropic diffusion proper-
ties, our study suggests that white matter tissue is not significantly
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anisotropic from a mechanical point of view, especially when com-
pared to other well-characterized soft tissues such as arteries [59].
To deliberately assess mechanical directional dependencies corre-
lated with anisotropic nerve fiber distribution, we performed diffu-
sion tensor imaging prior to biomechanical testing. Of all four
regions, we could only specify a distinct fiber orientation in the
corpus callosum and, thus, only considered those specimens to
ascertain whether an anisotropic fiber orientation on the micro-
scopic scale translates into an anisotropic stiffness distribution
on the macroscopic scale. Previous studies had estimated fiber ori-
entations from anatomical studies and used tissue from both the
corpus callosum and the corona radiata, combining both regional
and directional variations. In addition to the reliable determination
of nerve fiber distributions via diffusion tensor imaging, the design
of the current study allowed us to assess loading-mode specific
contributions of fibers and to minimize the effect of inter-
specimen, regional variations.

Interestingly, we observed no significant mechanical directional
dependency under any loading mode, even in the microstructurally
highly anisotropic corpus callosum. This seems to suggest that
nerve fibers are primarily functional elements of our brain that
only marginally contribute to its mechanical strength. Mean stres-
ses along fibers appeared slightly higher than perpendicular to the
fibers under tensile loading and slightly lower under compressive
loading.

For our study, the directional stiffness variation was insignifi-
cant, and we conclude that human brain tissue is nearly isotropic.
This is consistent with previous reports on bovine [60] and porcine
[31] brain tissues and becomes especially important when devel-
oping constitutive models for computational simulations. When
shearing the same tissue sample in two orthogonal directions, we
found similar shear moduli independent of the brain region and
fiber distribution, as shown in Fig. 10. Counterintuitively, in shear,
we observed the highest directional variation for specimens from
the cortex, which exhibit a nearly isotropic microstructure com-
pared to the microstructurally highly anisotropic specimens
extracted from the corpus callosum. Due to the ultrasoft and sticky
nature of brain tissue, however, we cannot obviate that some out-
liers (see Fig. 10) might as well be attributed to asymmetric
mounting or unintended influences of adhesion or hydration.

Our results agree well with an early study on the rheological
shear response of human brain tissue [14], which showed higher
directional variation in gray matter than in white matter, but nei-
ther of the differences appeared significant. A more recent study
confirmed no significant directional dependency of human brain
tissue under compressive and tensile loading, but reported signifi-
cantly higher shear stresses in fiber direction than transverse to
fibers [18]. The latter finding may be attributed to the relatively
small sample size of four specimens per loading mode and direc-
tion. In view of the high inter-specimen variation generally
observed for brain tissue and the fact that each specimen was only
loaded under a single direction, the observed trend might have
evened out for a larger sample size.

In porcine brain tissue, studies found a significantly stiffer shear
response orthogonal to nerve fibers than along fibers in the corpus
callosum [15]. In the corona radiata, however, the trend was oppo-
site. The authors sheared each specimen in two orthogonal direc-
tions similar to our experiments, but only estimated fiber
orientation from anatomical knowledge and used rectangular spec-
imen dimensions of 10� 5� 1 mm. We noticed that the measured
shear stresses were consistently higher in the direction of the
longer edge corresponding to the direction orthogonal to fibers in
the corpus callosum, and to the fiber direction in the corona radi-
ata. This might indicate that directional dependencies resulted
from an unanticipated influence of noncuboidal specimen dimen-
sions rather than from the anisotropic distribution of nerve fibers,
which could explain the contradictory results. Other studies on the
porcine corpus callosum found opposite trends with a significantly
stiffer response in the fiber direction than perpendicular to it in
dynamic shear [17] and tensile tests [16]. In both studies, speci-
mens were relatively large with dimensions of up to
16� 16� 3 mm and 5� 5� 60 mm. Our diffusion tensor images
showed that even in the much larger human brain, it would be
challenging to extract specimens of that size that exhibit a suffi-
ciently uniform microstructure.

4.3. Region-dependent behavior

We found that the mechanical behavior of human brain tissue is
region-specific. Specimens extracted from the cortex showed the
stiffest mechanical response for all loading modes, while speci-
mens from the corpus callosum showed the softest response, as
illustrated in Fig. 11. Corona radiata and basal ganglia responded
similarly, exhibiting marginal differences depending on the loading
mode; tissue from the corona radiata yielded higher stresses in
shear and compression but marginally lower stresses in tension.
When calibrating the modified one-term Ogden model, differences
between corona radiata and basal ganglia were only reflected in
the parameter a accounting for the nonlinearity of the stress–
strain curve but not in the shear modulus l. Accordingly, shear
moduli in the corona radiata and basal ganglia were statistically
indistinguishable, whereas the cortex yielded significantly higher
and the corpus callosum significantly lower shear moduli, as sum-
marized in Fig. 12a. In agreement with our findings, previous stud-
ies reported no significant difference between human brain tissue
from corona radiata and thalamus in dynamic shear tests [14,21].
The visible and functional differences between gray and white
matter do not seem to translate markedly to the elastic mechanical
response of human brain tissue. Whereas cortical gray matter
exhibited a stiffer response than all other regions, internal gray
matter excised from the thalamus or the basal ganglia showed a
similar response as white matter from the corona radiata. Interest-
ingly, the corpus callosum was the most fragile brain region, which
supports the common notion that it is most vulnerable to diffuse
axonal injury [61,62]. Our results suggest that this is not only
caused by its high exposure to shear forces, but also by its softest,
most injury-prone constitutive response.

Due to the limited availability of human brain tissue, the ex vivo
regional properties have also been assessed in porcine and bovine
brains. Rapid stress relaxation tests on porcine brain tissue yielded
similar regional inhomogeneities as our experiments [15]; basal
ganglia, thalamus and corona radiata were statistically indistin-
guishable, while the corpus callosum yielded the lowest average
shear moduli. On the contrary, one study reported a lower stiffness
for gray matter than for white matter, and within the latter a
higher shear modulus for the corpus callosum than for the corona
radiata under tensile loading [16]. These discrepancies can again be
attributed to the large specimen dimensions of 4–6 cm. These large
specimens may have included tissue from surrounding structures
that might have influenced the results.

Recently, differences in the mechanical response of gray and
white matter have also been investigated using nanoindentation
testing. White matter was found to be stiffer than gray matter in
bovine [26,28] and lamb [17] brains, but the opposite trend was
measured in the rat cerebrum, the rat cerebellum [25], and the
mouse spinal cord [63]. Those discrepancies may be explained by
the highly complex properties of brain tissue, where both time
and length scales significantly influence the results (see Sections
4.4 and 4.5).

Recently, magnetic resonance elastography has enabled the
study of regional properties of human brain tissue in vivo. While
some studies found cortical gray matter to be stiffer than white
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matter in agreement with our results [24], others reported the
opposite trend [23,64]. Contrary to our results, a recent study
found a greater stiffness for the corpus callosum than for the cor-
ona radiata [27]. However, those results highly depend on the
method used to extract elastic properties, and the excitation fre-
quencies. It remains to be shown that in vivo magnetic resonance
elastography can accurately quantify regional mechanical proper-
ties, especially in thin structures such as the cortex and the corpus
callosum [65].

4.4. Time-dependent behavior

Our relaxation experiments support the common notion that
the response of brain tissue is extremely time-dependent, with a
stress relaxation of up to 80% within only 300 s. Viscous relaxation
was similar for both white matter regions, corpus callosum and
corona radiata, and both gray matter regions, basal ganglia and
cortex, as summarized in Fig. 13a, b and d. Within white matter,
specimens from the corpus callosum were more viscous than spec-
imens from the corona radiata, with a stress relaxation after five
minutes of �80%. Stress relaxation percentages were slightly
higher in shear than in compression but both loading modes
showed similar regional dependencies. These rheological differ-
ences were also reflected in the energy dissipated during each
loading cycle, which we quantified by the hysteresis areas of
Fig. 12b. Hysteresis areas were larger for white matter than for
gray matter specimens relative to the recorded tissue stresses.
These observations are consistent with nanoindentation experi-
ments on bovine brain tissue, showing that white matter is more
viscous than gray matter [26,28].

When comparing the maximum stresses during quasi-static
experiments in Fig. 11 a and b with the peak stresses during stress
relaxation experiments in Fig. 13c, it becomes apparent that regio-
nal variations in tissue stresses are strain-rate dependent. This is
caused by the rheological difference between gray and white mat-
ter. In the slow-loading-rate regime, the cortex yields highest and
the corpus callosum lowest stresses, while corona radiata and
basal ganglia exhibit a similar response. In the fast-loading-rate
regime, the corona radiata and corpus callosum have stiffened rel-
ative to gray matter and regional trends have shifted towards those
of hysteresis areas in Fig. 12b. Notably, in contrast to many existing
studies, all our graphs show data from the same specimens. In
agreement with these findings, the study [18], loading specimens
at a velocity of v ¼ 150 mm/min and higher, reported significantly
higher stresses in the corona radiata than in all other regions,
whereas basal ganglia and corpus callosum showed a statistically
indistinguishable response. Contrary to our study, however, the
authors found tissue from the cortex to be softer than tissue from
the corona radiata. This may be attributed to a specimen size of
14� 14� 5 mm, which suggests that specimens from the cortex
did not merely include cortical but additionally subcortical white
matter, and thus showed a softer response compared to our
experiments.

4.5. Microstructure

To explore potential correlations between the macroscopic
mechanical response and the underlying microstructure, we fixed
each specimen upon completion of biomechanical testing for histo-
logical investigations. Klüver-Barrera stains of representative tis-
sue samples from each region in Fig. 14 a and b show that the
cellular decomposition is similar in both gray and white matter
regions. While the viscous behavior seems to be closely related
to this microstructural architecture, the elastic behavior is not.
All white matter tissues appeared more viscous than gray matter
in Fig. 13. This reflects the network properties similar to filled elas-
tomers [37] and might also be correlated with a lower water con-
tent of about 0.71 g/ml in white matter compared to 0.83 g/ml in
gray matter [66].

Considering the elastic properties of the tissue, white matter
from the corona radiata and gray matter from the basal ganglia
yielded similar shear moduli, while the cortex was significantly
stiffer and the corpus callosum significantly softer than all other
regions. Our results indicate that it is not merely the density or
decomposition of cell nuclei or the contribution of nerve fibers that
control the elastic response of human brain tissue. Alternatively,
we speculate that interconnections and capillary density signifi-
cantly contribute to the mechanical strength of the tissue. The dif-
ferences in interconnections in the considered brain regions
become apparent through the Gomori silver stain in Fig. 14c. Fur-
thermore, local capillary density and brain activity are not corre-
lated with the density of cell nuclei [67]. In fact, the capillary
density appears to develop according to local functional demands
[67] and is lowest in the corpus callosum [68]. This could explain
why the cortex with high metabolic demands is the stiffest,
whereas the corpus callosum is the softest brain region. This
hypothesis could also explain why we observe high stiffness vari-
ations in tissue from the cortex where vascular patterns are highly
region-specific [68].

The correlation between the mechanical properties of nervous
tissue and its underlying microstructure has recently been investi-
gated by combining indentation experiments with histological
staining. A recent study reported that the stiffness of the mouse
spinal cord strongly correlates with the areas of cell nuclei and
the cellular in plane proximity [63]; another study revealed that
the stiffness of bovine white matter increases with myelin content
[29]. Myelin is colored blue in our histological stains in Fig. 14 a
and b. Our study suggests that it is primarily the capillary density
that explains regional stiffness variations. This could also explain
why nanoindentation experiments record a higher stiffness varia-
tion in white matter [17,26,28], while quasi-static compression,
tension and shear experiments as well as atomic force microscopy
indentation [63] record a higher stiffness variation in gray matter.
In comparison to indentation tests of intact brain slices, our uncon-
fined tension and compression tests of small tissue samples might
very well probe primarily the solid skeleton rather than the overall
tissue. Overall, it remains challenging to fully understand the
highly complex mechanical response of brain tissue, which signif-
icantly depends on time and length scales of the mechanical tests
[69].

4.6. Influence of age and gender

Our experimental study neither showed a dependence of brain
tissue properties on gender nor on age which can be extracted from
Tables 1 and 4–6. We note, though, that our study was limited to
tissue samples of 54 to 81 years of age at death. A potential corre-
lation between brain tissue stiffness and brain activity, as indicated
in Section 4.5, further impedes the detection of an age-dependency
within this limited range as most probably brain activity highly
varied between subjects. We anticipate that a larger age window
could still reveal age-dependent properties. For example, studies
have shown that human brain tissue undergoes a significant
increase in stiffness of about 200% between 5 and 22 months of
age. The adult brain at ages similar to the age of our subjects
appears to be three to four times stiffer than the brain of young
children [21].

4.7. Calibrating hyperelastic constitutive parameters

One of the most important results of our study is the side-by-
side comparison of different constitutive models for human brain
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tissue under multiple loading modes. We explored and calibrated
the five most commonly used isotropic strain-energy functions,
neo-Hookean, Mooney–Rivlin, Demiray, Gent, and modified one-
term Ogden [46]. Our results demonstrate that the material param-
eters identified for a single loading mode do not necessarily predict
the response under different loading conditions [39].

Both the neo-Hookean and the Mooney–Rivlin models assume a
linear shear response and, thus, are not eligible to capture the non-
linear shear response of human brain tissue, which deviates from
linearity already at strains greater than 0.1% [31]. While the Demi-
ray, the Gent, and the modified one-term Ogden models represent
the experimental data well when calibrated with each loading
mode separately, only the modified one-term Ogden model is able
to capture the compression-tension asymmetry when calibrated
with all loading modes simultaneously (see Fig. 15). Of all five
models, only the modified one-term Ogden model with a strain-

energy function ofWOgd ¼ 2lðka1 þ ka2 þ ka3 � 3Þ=a2 is capable of rep-
resenting the response of human brain tissue under arbitrary load-
ing cases. Its region-specific parameters are summarized in Table 7.
We emphasize that the parameter a needs to adopt a negative
value to represent the effect that stresses are higher in compres-
sion than in tension. A positive value for awould yield the opposite
trend, which is inappropriate for brain tissue. This information
must be kept in mind when calibrating the one-term Ogden model
with shear data only. The shear stresses are independent of the
sign of a and minimizing procedures might misleadingly yield a
positive value for a.

Our results demonstrate that in comparison to a simultaneous
calibration of all loading modes, individual compression experi-
ments overestimate the shear modulus l, while shear and tension
experiments underestimate l. This agrees with previous studies
which report that constitutive models based on experimental data
collected in compression are inadequate to explain porcine tissue
behavior in tension [39]. Our results show that, among all loading
modes, tensile testing yielded shear moduli closest to those of a
simultaneous calibration with all loading modes. Notably, the situ-
ation was different for the parameter a accounting for the nonlin-
earity of the stress–strain curve; tension experiments overestimate
a, while compression experiments underestimate a. The value
obtained from a simultaneous calibration with all loading modes
lies in between with a � �20. White matter exhibited larger non-
linearities associated with higher absolute values for a than gray
matter in compression, while we observed the opposite trend in
tension.

Our observations are consistent with several studies in the liter-
ature. Considering a single loading mode, a recent series of studies
has found excellent agreement between experimental data of
mixed porcine brain tissue and Demiray, Gent, and Ogden strain-
energy functions [40–42]. In conjunction with our results, their
compression experiments [40] yielded higher shear moduli than
shear and tension experiments [41,42]. Their shear moduli are
overall marginally higher than ours, but were also derived from
significantly higher strain rates with velocities of 9.000 mm/min
compared to 2 mm/min in the present study. Studies that consider
only a single loading mode misleadingly yielded positive values for
a, with a � 6, and are, thus, not sufficient to accurately identify the
full set of material parameters. Similarly, several studies found an
excellent agreement between indentation data and polynomial,
Yeoh, and one-term Ogden strain-energy functions using inverse
finite elements analysis [47]. Their shear modulus l lies in the
range of our results with a mean of l ¼ 0:624 kPa in white matter,
but again the limitation to a single loading mode leads to an unre-
alistically positive value of a (� 18).

All studies in the literature that considered both compression
and tension experiments, reported that only the one or two-term
Ogden models could satisfactorily represent the material response
[16,37,39]. These studies proposed l ¼ 1:0 kPa from cyclic
compression-tension experiments on human white matter tissue
[37], l ¼ 0:8 kPa and a ¼ �4:7 for mixed porcine brain tissue
[39], and l ¼ 0:3� 0:7 kPa and a ¼ �7:0 when extrapolating ten-
sile porcine white matter data to compression [16]. The lower
absolute values for a in the literature can be attributed to higher
strains of 30% and more, compared to strains of up to 10% in com-
pression and tension, and 20% in shear for the current study.

Only a single study has calibrated hyperelastic constitutive
models for all three loading modes: shear, compression, and ten-
sion [48]. The authors compared three strain-energy functions
implemented in the commercial software ABAQUS, hyperfoam,
Ogden, and polynomial, within a finite element model. However,
the underlying experimental data were collected at high loading
rates, where each specimen was only loaded once up to fairly large
strains of 50% without pre-conditioning and only the loading curve
was recorded [18]. Thus, it remains questionable whether those
experiments are suitable to quantify the hyperelastic response of
the brain tissue. Furthermore, the reported parameters fail to sat-
isfy consistency with the linear theory and are, therefore, not read-
ily comparable to the results presented here.
4.8. Combined loading

In addition to a sequence of multiple loading modes, we con-
ducted combined compression/tension-shear tests to critically
examine the validity of five commonly used hyperelastic constitu-
tive models and to identify the corresponding material parameters
for multiaxial loading cases. Our experiments show that shear
stresses increase significantly with increasing superimposed axial
compression but only slightly with increasing axial tension. This
behavior is the logical outcome of the compression-tension asym-
metry of human brain tissue. A similar behavior has previously
been observed in oscillatory shear experiments on mouse brain tis-
sue [44], where complex shear moduli increased with increasing
compressive strain in the direction orthogonal to shear but
remained almost constant with increasing tensile strain. Again,
only one of the strain-energy functions considered in this study,
the modified one-term Ogden model, can capture this characteris-
tic response of brain tissue [53].

As only the largest region, the corona radiata, provided enough
space to extract additional specimens, Fig. 16 represents the aver-
age response of tissue from this one white matter region under
combined loading conditions. However, during protocol 1, some
specimens, especially from the cortex and the basal ganglia,
showed a much less pronounced compression-tension asymmetry
with higher-than-average tensile stresses. In these cases, we would
expect a qualitatively different behavior, in which shear stresses
not only increase under increasing compressive strain, but also
under increasing tensile strain.

Notably, calibrating the modified one-term Ogden model with
average shear stresses recorded for all axial stretch levels,
k ¼ 1:00; . . . ;0:75 and k ¼ 1:05; . . . ;1:25 in steps of 0:05, simulta-
neously, yields the exact same value for the shear modulus
l ¼ 0:66 kPa as a calibration with multiple uniaxial loading modes,
as summarized in Table 7. The parameter a, in contrast, adopts a
significantly lower absolute value with a ¼ �7:3, which now also
agrees well with the values in the literature [39,16]. Whereas a
low absolute value for a cannot represent the distinct nonlinearity
of the stress–strain curve already for strains < 10%, a high absolute
value predicts unrealistically high stresses for large strains or mul-
tiaxial loading cases. For the sequence of multiple uniaxial loading
modes, we limited ourselves to 10% strain in compression and ten-
sion, and 20% in shear, to not damage the tissue during the course
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of the experiment. As the stress–strain curve exhibits a distinct
nonlinearity even for those relatively small strains, the value a
obtained from protocol 1 would predict unrealistically high stres-
ses for larger strains. This demonstrates that the one-term Ogden
model can easily predict an unrealistic behavior when exceeding
the deformation range used for parameter identification. Conse-
quently, whereas the sequence of loading modes performed in pro-
tocol 1 allows for an accurate calibration of the parameter l, it is
not suitable to calibrate a.

We conclude that the one-term Ogden model is able to capture
the mechanical response of human brain tissue under multiaxial
loading modes. However, particularly caution is necessary when
determining the parameter a: the compression-tension asymmetry
pre-supposes a negative sign for a and high absolute values yield
unrealistically high stresses for large strains and multiaxial loading
cases.
5. Limitations

A major limitation of this study is that we tested human brain
tissue in vitro. Undoubtedly, the deformations imposed by uniaxial
compression and extension, simple shear and combined
compression/tension-shear testing differ from those experienced
in vivo. Furthermore, due to the ultrasoft nature of brain tissue, it
deforms during specimen preparation and handling. This implies
a variation of specimen size and shape, which, upon mounting
the samples, were no longer perfectly cuboidal with 5 mm side
length. The slightly varying specimen heights resulted in small dif-
ferences in strain rates, which also applied to the different stretch
levels during protocol 2. However, preliminary experiments had
shown that in the slow-loading-rate regime conducted in the cur-
rent study, the sensitivity towards strain rate was insignificant.
Furthermore, nonuniform specimen dimensions or potential
changes in the tissue state after death inevitably blur the true
extent of regional and directional differences. For example, asym-
metric mounting or specimen dimensions could misleadingly
imply an anisotropic mechanical response or a potential contribu-
tion of nerve fibers could be lost when those are dead. Similarly,
irregularities in the tissue’s microstructure can alter the results.
To minimize the limitation of nonuniform orientation of nerve
fibers across each specimen we only used samples from the corpus
callosum to study directional dependencies.

Besides, post-mortem time could potentially affect brain tissue
properties. The time lapses between death and autopsy, duration
times for MRI investigations, preparation, and testing resulted in
a maximum time period of 60 h after death. While studies on por-
cine brain tissue revealed a slight increase in tissue stiffness begin-
ning 6 h post-mortem [31,32], other experiments on bovine brain
tissue showed no change in tissue stiffness between two hours
and five days post mortem [30,28]. In the current time window,
we could not observe a notable change in tissue stiffness between
samples that were tested first and last.

We conducted all tests at room temperature. Although we
expect a slight influence of temperature on the mechanical proper-
ties of the tissue, the main purpose of this study was to understand
directional and regional dependencies under multiple loading
modes. Thus, the disadvantages mentioned in Section 2.4 were
deemed too costly relative to the potential benefits. Within the
past decade, magnetic resonance elastography has rapidly
advanced as a non-invasive in vivo tool, to measure elastic proper-
ties of living human brain tissue. However, results have varied
tremendously, both qualitatively and quantitatively [23,24,27,64],
as they highly depend on the method used to extract elastic prop-
erties or excitation frequencies. Despite the fact that this technol-
ogy is still in its infancy [21], it remains questionable whether it is
suitable to quantify regional and directional mechanical properties
of human brain tissue [65]. Thus, although the issues associated
with in vitro mechanical testing may limit the reliability of explicit
material parameter identification, the approach used here has pro-
vided important novel insights into regional and directional prop-
erties of human brain tissue under multiple loading modes. We
distinguished between structurally different regions, the corpus
callosum, the corona radiata, the basal ganglia, and the cortex.
However, our experiments show that this classification does not
necessarily hold for the elastic response of the tissue. In the future
regional studies could therefore differentiate between regions of
similar microstructure.

In terms of constitutive modeling, we focused on the hyperelas-
tic, pre-conditioned behavior of human brain tissue. This assump-
tion holds for sufficiently slow deformations, for example, during
brain development [70]. On shorter time scales, brain tissue is a
highly viscous and porous material [18,36,37]. To additionally
account for conditioning effects during the first loading cycle and
the highly hysteretic behavior, we will extend the time-
independent hyperelastic formulation presented in the current
study to time-dependent contributions [46]. Here, the question
arises whether brain tissue should be modeled as a single phase
viscous solid [57] or as a dual phase fluid-saturated solid
[37,71,72], which to answer would require additional experiments
and goes beyond the scope of the present work. We further note
that experiments towards the understanding of the porous nature
of the tissue can barely be performed for multiple loading modes
on one sample. Thus, only a combination with the loading-mode
specific considerations presented here will enable us to eventually
capture the behavior of human brain tissue for all time scales and
arbitrary loading conditions. In addition, further experiments
should be conducted to better understand the rate-dependency
of regional differences indicated in Section 4.4.
6. Conclusion

In the present paper we documented experimental data
obtained from a sequence of three individual loading modes (sim-
ple shear in two orthogonal directions, unconfined compression,
extension) on human brain specimens in addition to mixed modes
combining compression/tension with shear. For the first time we
tested the same specimen with these different loading modes.
The biomechanical tests were performed on the corpus callosum,
the corona radiata, the basal ganglia and the cortex in combination
with antecedent DTI to identify to which extent the axonal net-
works contribute to the macroscopic constitutive response. We
characterized the loading-mode specific regional and directional
behavior of the human brain tissue and discussed pre-
conditioning and hysteresis effects. The results demonstrated that
the human brain tissue is highly nonlinear and viscoelastic, with a
pronounced compression-tension asymmetry. The elastic response
of the human brain tissue under all loading modes (here elastic is
defined as the average between loading and unloading) is best
described by a modified one-term Ogden model, which also cap-
tures the compression-tension asymmetry.

Although we used a constitutive model to capture the elastic
component of brain tissue deformation, in a subsequent step a vis-
coelastic model is required to also capture the involved dissipative
mechanism. However, the knowledge of the elastic properties of
human brain tissues under various loading modes and the related
constitutive model is valuable to better determine injury criteria,
to help improve neurosurgical procedures, and to develop better
smart protection systems. Since the provided elastic constitutive
model is based on the described systematic tissue characterization
it is valuable for complex computational simulations with varying
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loading conditions. More advanced fast imaging techniques and
new MR sequences will allow increased temporal and spatial reso-
lution in future studies.
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