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ABSTRACT: The purpose of this work was to develop magnetic resonance elastography (MRE) for the fast and reproducible
measurement of spatially averaged viscoelastic constants of living human brain. The technique was based on a phase-
sensitive echo planar imaging acquisition. Motion encoding was orthogonal to the image plane and synchronized to
intracranial shear vibrations at driving frequencies of 25 and 50 Hz induced by a head-rocker actuator. Ten time-resolved
phase-difference wave images were recorded within 60 s and analyzed for shear stiffness and shear viscosity. Six healthy
volunteers (six men; mean age 34.5 years; age range 25-44 years) underwent 23-39 follow-up MRE studies over a period of
6 months. Interindividual mean £ SD shear moduli and shear viscosities were found to be 1.17 +0.03 kPa and 3.1 4 0.4 Pas
for 25Hz and 1.56 +0.07kPa and 3.4 + 0.2 Pas for 50 Hz, respectively (P <0.01). The intraindividual range of shear
modulus data was 1.01-1.31 kPa (25 Hz) and 1.33-1.77 kPa (50 Hz). The observed modulus dispersion indicates a limited
applicability of Voigt’s model to explain viscoelastic behavior of brain parenchyma within the applied frequency range. The
narrow distribution of data within small confidence intervals demonstrates excellent reproducibility of the experimental
protocol. The results are necessary as reference data for future comparisons between healthy and pathological human brain
viscoelastic data. Copyright © 2007 John Wiley & Sons, Ltd.

KEYWORDS: magnetic resonance elastography; brain; elasticity; shear modulus; shear viscosity; Voigt model;

biomechanics

INTRODUCTION

The biomechanical properties of the brain have been the
subject of many recent studies related to hydrocephalus
(1-3), traumatic brain injury (4-6), and the evaluation of
stroke or intraoperative evaluation (7,8). Most biome-
chanical tests were carried out by invasive indentation
experiments (9,10) to specifically measure the elasticity
of cortical brain tissue. In contrast, little is known about
the viscoelastic properties of the bulk brain in its
physiological environment. Elastography techniques
have demonstrated for skeletal muscle (11-13), breast
(14-19), and liver (20-25) that the elasticity of living
tissue is sensitive to the development of pathologies and
the degree of organ malfunction. In addition to elastic
tissue behavior, viscose effects are considered to be a
potential source of diagnostic information for differ-
entiating benign and malignant breast tumors (26,27).
These results have stimulated the search for biomecha-
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nical approaches that may support the diagnosis of
neurological diseases.

Non-invasive assessment of brain stiffness requires the
application of defined mechanical stress, which is
naturally hampered by the mechanical shielding of the
brain through skull, cerebrospinal fluid, and meninges.
Nevertheless, it has been demonstrated that magnetic
resonance elastography (MRE) (28-30) is capable of
measuring two-dimensional (2D) (31-33) and three-
dimensional (3D) (34-36) shear wave fields in brain
induced by external actuators using vibration frequencies
between 65 and 90Hz. Most mechanical drivers are
mounted to bite bars with individual denture molds. Here,
a more generally applicable actuator is introduced that
is better suited to clinical applications. Data acquisition
in brain MRE is usually achieved by spin-echo or
gradient-echo imaging techniques with extra motion-
sensitizing gradients synchronized to the wave generator.
Evaluation of wave data can be based on full 3D wave
vector field inversion of the differential equation of
motion or on equivalent inversion techniques adapted to
2D scalar wave fields (22,26,37-41).

In recent years, only a few MRE studies on human
brain have been published; these show a great variety of
shear modulus data, ranging from 2.5 to 15.2kPa for
white matter and from 2.8 to 12.9kPa for gray matter
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(32,33,35). The variation in the results may have several
reasons such as the dispersion of the shear wave speed at
different excitation frequencies, a mismatch between
wave propagation and image slice orientation in 2D MRE
(36), varying wave amplitudes, and different boundary
conditions. Brain MRE has not yet been assessed for its
reproducibility and its potential to provide consistent
results within one experimental study design. This article
addresses this issue and proposes a protocol suitable for
application of brain MRE to patients: examination times
were reduced, patient comfort was increased, and the
reproducibility of the experiment was tested in follow-up
studies on six healthy volunteers lasting over several
months.

The proposed technique is based on the fast acquisition
of scalar wave fields using echo planar imaging (EPI)
MRE. The wave excitation at 25 and 50 Hz is achieved by
a redesigned head-rocker actuator, and analysis of wave
data is based on complex-modulus inversion of time-
resolved wave images. Shear moduli and shear viscosities
are spatially averaged over gray and white matter.
Therefore, they represent ‘global’ quantities with respect
to the examined transverse slab through the ventricles.
These data are intended for use as a reference for future
brain MRE in patients performed with a similar
experimental setup as that introduced in this study.
Potential symptomatic changes in global brain visco-
elasticity may then be attributable to diffuse effects of
neurodegenerative diseases such as Alzheimer’s disease
and multiple sclerosis.

MATERIALS AND METHODS

Institutional review board approval was obtained, and
written informed consent was obtained from all subjects.
The experimental protocol was repeatedly applied over a
period of 6 months to six healthy male volunteers aged 44,
36, 35, 34, 33, and 25 years (mean 34.5), henceforth
labeled 1-6, respectively. The number of experiments
varied between 23 (volunteer 6) and 39 (volunteer 5).

Wave image acquisition

All examinations were performed on a 1.5T scanner
(Magnetom Sonata; Siemens, Erlangen, Germany) using
a standard head coil. A single-shot spin-echo EPI
sequence was sensitized to motion by sinusoidal gradients
of 40 ms duration and 35 mT/m amplitude. Either one or
two bipolar cycles yielded a gradient oscillation
synchronized to 25Hz or 50Hz vibration frequency
(f), respectively (Fig. 1) (36). The direction of the
motion-encoding gradient was toggled in subsequent
image acquisitions to produce phase images with inverse
motion contrast. Direction of motion encoding was in the
slice selection direction, i.e. orthogonal to the image

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 1. Diagram of the EPI MRE sequence used in this
study. Radiofrequency pulses (RF), magnetic field gradients
in the direction of slice selection (SS), phase encoding (PE)
and read out (RO), and the wave generator output are shown
schematically. Motion encoding is achieved using an oscillat-
ing motion-encoding gradient (MEG), here with one cycle of
25 Hz to encode corresponding tissue vibrations induced by a
10-cycle burst from the wave source. The trigger signal to the
wave generator is given at begin of the pulse-sequence and
consecutively shifted by a delay of At to gain temporal
resolution in the measured wave data.

plane. The image slice position chosen was axial through
the center of the brain within a slab of ~2 cm thickness.
The bottom of the slab was positioned along the lower
edge of the corpus callosum as demarcated in Fig. 2.
Further acquisition parameters were: TR 3 s; TE 124 ms;
field of view 192 x 192 mm; slice thickness 6 mm;
in-plane resolution 1.5 x 1.5 mm.

The trigger of the MRI sequence to the wave generator
was 400 ms + Ar before the start of motion encoding.
Acquiring 20 phase images, Ar was increased 10 times
either from 0 to 36 ms (f=25Hz) or from 0 to 18 ms
(f=50Hz) in order to capture 10 time-resolved phase-
difference wave images that displayed the propagation of
the phase of the waves from O to 9/10x2m. The resulting
total measurement time was 60s. The amplitude of the
output signal of the wave generator was increased linearly

Figure 2. Approximated region (enclosed by dashed lines)
of image slice positioning in planar MRE.
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from O to its maximum in order to minimize mechanical
transients on actuator and subjects (Fig. 1). Ten or 20 AC
cycles were fed into the amplifier for 25 Hz or 50 Hz wave
excitation, respectively.

Motion generation

Shear wave vibrations were produced by a remote motion
generator based on a commercial loudspeaker (22). A
flexible joint mounted in the center of the loudspeaker
membrane was coupled via a carbon fiber rod of variable
length (2-3 m) to a pin joint on top of a head rocker. The
head rocker was built from a plastic tube with 235 mm
diameter and 160 mm length, allowing its installation into
a standard MRI head coil. The plastic tube was connected
to a relocatable base plate with embedded cylindrical
pivot. Two cylindrical rolls were used as a counter bearing
attached to the base of the MRI head coil. The actuator
setup is illustrated in Fig. 3. Maximum deflection
amplitudes on the head surface were estimated to be
0.3-0.5 mm.

Motion measurement

A head phantom was constructed to measure the surface
acceleration of a skull-shaped object inside the transdu-
cer. Therefore, a melon was attached to a stiff plastic tube
with 1.5 m length and 12 cm diameter and fixed by Velcro
strips to the MRI table. The supporting point of the
phantom was subsequently moved in head—feet direction
throughout the head rocker, while the deflections on
the vertex were probed by a custom-built piezoelectric
accelerometer. Three piezoelectric ceramic discs were
orthogonally mounted and adjusted for measurement of
the acceleration components in head—feet, anterior—

Figure 3. Head rocker unit (a) and remote vibration gen-
erator (b) used for shear wave excitation of the human brain.
The length of the rigid rod that connects a and b was 2.8 m.

Copyright © 2007 John Wiley & Sons, Ltd.

posterior, and left-right direction. Data were sampled
and stored by a digital oscilloscope (TDS 1002;
Tektronix, Beaverton, OR, USA).

Data analysis

Phase-difference images were unwrapped and temporally
Fourier-transformed. The resulting complex wave image
at excitation frequency in the Fourier domain was further
processed using a spatial Butterworth bandpass filter with
lower and upper thresholds of 2.0 and 10.0 cm ( f=25 Hz)
and 1.0 and 10.0cm (f=50Hz) wavelengths, respect-
ively. A complex wave image inversion was performed,
yielding a complex modulus G = G’ + iG" = p + inw as
described by Klatt ef al. (22) and similar to approaches of
other researchers (26,38). The assignments of shear
modulus () to the dynamic modulus (G’; real part of the
complex modulus) and shear viscosity (1) to the loss
modulus (G”; imaginary part of the complex modulus)
divided by the angular driving frequency (w =2mf) are
based on Voigt’s model of viscoelasticity (42). The
density of the brain was assumed to be 1000 kg/m3 . and
n were averaged over a spatial region of interest that was
previously determined by manually segmenting the outer
boundaries of the brain excluding ventricles.

RESULTS

Figure 4 shows experimental acceleration components as
a function of head position. Moving the phantom about

—6—HF
—8—IR

acceleration amplitude [a.u.]

0 2 4 6 8 10 12 14 16

position [cm]

Figure 4. Position dependency of acceleration components
on top of a head phantom (simulating forehead surface
deflections). Relative acceleration amplitudes were meas-
ured in terms of voltages generated by piezoelectric accel-
erometers. In further in vivo experiments, the back of the
head was positioned within the range marked by the dashed
lines. HF, Head—feet direction; AP, anterior—posterior direc-
tion; LR, left-right direction.
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16 cm between the two openings of the head rocker causes
large variations in the measured amplitudes. Two
principal findings are immediately apparent: (i) the main
acceleration and thus also the main deflection component
is parallel to the head—feet direction; (ii) this component
has its minimum approximately at the position of the
pivot of the head rocker. Therefore, in subsequent
volunteer studies, the supporting point of the back of
the head was placed off center in the range 3-6cm
according to Fig. 4. Moreover, motion encoding was
adjusted along the direction of slice selection in order to
capture the major component of the strain wave field.

Figure 5 shows example wave images acquired for
volunteer 1 during different examinations at 25 Hz and
50Hz vibration frequency. The experiments were
performed by different operators with an interval of
several days resulting in a variation in the image slice
position within the slab demarcated in Fig. 2. Wave
patterns vary visibly, which is presumably the result of the
variation in the head position relative to the head rocker
combined with a change in the kinetic freedom of the
head due to muscle tension throughout the body.
Generally, the lowest deflection amplitudes were found
in the vicinity of the center axis of the brain in the
left-right direction. This effect is attributed to a
predominant nodding motion, with highest deflections
at the forehead and at the back of the head.

Figure 6. Elasticity (top row) and viscosity (bottom row)
maps for volunteer 1 at excitation frequencies of 25Hz
and 50Hz. Gray scale bars correspond to shear moduli of
0-4kPa and shear viscosities of 0-10 Pas.

Example elasticity and viscosity maps calculated by
complex wave image inversion are depicted in Fig. 6.
Regions in the vicinity of the brain surface appear to be
softer than central brain parenchyma, which supports

1-50 pn

Figure 5. Example phase-difference shear wave images acquired in volunteer 1 on different days at an excitation
frequency of 25 Hz (top row) and 50 Hz (bottom row). The experimental parameters of image slice position, head
position, and amplifier output were slightly different, causing variable patterns. The color bar corresponds to

deflection amplitudes of £ 50 wm.
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NMR Biomed. (In press)
DOI: 10.1002/nbm



DETERMINATION OF BRAIN VISCOELASTICITY USING MRE

2.5 . ;
20t 1
= A YN a N A
=¥
_51.5»3}& %‘E; A ﬁ? i% ‘:12
3 - . S
S 0 . @
SRR S %
I
05t 1
0

1 2 3 4 5 6
volunteer #

Figure 7. Experimental data for shear moduli with error
bars assigned to the standard deviation of each volunteer
data cluster at 25Hz (circles) and 50Hz (triangles) wave
excitation.

observations (32,33) that white brain matter is stiffer
than gray matter. However, according to the literature,
shear waves near the surface are affected by diffraction or
non-evanescent (non-propagating) waves, eventually
leading to biases in the estimated local wavelengths
(43-46). This conclusion justifies our approach of
focusing on global measures, as shown in Figs. 7
and 8. There, the interindividual mean of pu=
1.174+0.03kPa at 25Hz and wu=1.56+0.07kPa at
50Hz shows that the shear modulus is about one-third
higher with higher vibration frequencies. In contrast, no
dispersion was observed for the shear viscosity with mean
values of 3.1 0.4 Pas and 3.4 + 0.2 Pas at 25 and 50 Hz,
respectively. Interindividual shear modulus data are
confined to 1.01-1.31kPa at 25Hz and 1.33-1.77kPa
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Figure 8. Experimental data for shear viscosity acquired at
25Hz (circles) and 50Hz (triangles) mechanical excitation
frequency. The error bars correspond to the standard devi-
ations of the data for each frequency and volunteer.

Copyright © 2007 John Wiley & Sons, Ltd.

Table 1. Intraindividual means of the global viscoelas-
tic data for volunteers 1-6 and corresponding inter-
individual average at 25Hz and 50Hz mechanical
excitation frequencies. The error tolerances (*) are
given as standard deviations

i (kPa) n (Pas)

Volunteer 25Hz 50Hz 25Hz 50Hz

1 1.174+0.04 1.56+0.1 35+02 33402
2 1.194+£0.04 1544012 284+05 34+£04
3 1.16 £0.06 1.45+0.06 3.8+05 33+0.2
4 1.194+£0.05 1.544+0.13 31405 32+£04
5 1.24+005 1.61+0.06 3.0+03 3.7£0.2
6 1.124+0.07 1.64+0.11 2.64+04 3.7+£0.3
1-6 1.17£0.03* 1.56£0.07* 3.1+0.4* 3.4+0.2%

“Here, standard deviations correspond to confidence intervals with
P<0.01.

at 5S0Hz. Shear viscosity data range from 2.1 to 4.6 Pas
and from 2.5 to 4.2 Pas at 25Hz and 50 Hz excitation
frequency, respectively. Intra- and interindividual means
and standard deviations are listed in Table 1.

DISCUSSION

We have demonstrated that viscoelastic constants of the
human brain can be rapidly and reliably obtained using
planar EPI MRE. Because this study focused on global
viscoelastic constants, no intracranial heterogeneity was
taken into account. Although this simplification neglects
potentially valuable information on tissue heterogeneity,
it also mitigates the aforementioned wave field biases
near the tissue surface. Thus, the determined shear moduli
displayed only small deviations of 2.5% (25 Hz) and 4.5%
(50 Hz) despite apparent intraindividual variations in the
wave patterns (Fig. 5).

The single-slice approach was driven by time
considerations. It was shown by Hamhaber et al. (36)
that there is a region where a geometrical overestimation
of shear wave lengths is minimized (<10%). In this study,
this region was chosen for the transverse image plane
position. To further limit acquisition time, scalar
wave fields were captured assuming isotropy of brain
elasticity. Neglecting compression and evanescent (non-
propagating) waves, this assumption predicts identical
wavelengths in each component of the vector field. For
this reason, any direction component of the strain wave
field can be chosen for a scalar wave inversion. However,
it should be noted that the amplitudes of shear waves with
in-plane polarization are partially obliterated along the
direction of wave excitation (46). In planar MRE, it is
therefore desirable to capture through-plane shear waves
which do not obey those constraints. Thus, our current
nodding motive actuator, which mainly induces head—feet
deflections, determines the transverse image plane used.

Figure 8 indicates that the viscosity (1) is non-
dispersive in the examined frequency range, which
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supports the attribution of 7 to G"/w. Assigning u to G’
yields a frequency dependency of the shear modulus as
shown in Fig. 7. The difference between shear modulus
data for 25 Hz and 50 Hz vibration frequency (of the order
of 0.4 kPa) is presumably the result of the inadequacy of
Voigt’s model for predicting the behavior of viscoelastic
brain tissue. The Kramers—Kronig relation predicts a
relation between dynamic modulus and loss modulus
(43). Thus, treating G’ separately from G”/w disobeys this
relation. On the other hand, the loss modulus inherently
bears a larger error after inversion, as indicated by the
standard deviations given in Table 1. Therefore, a separate
view on G’ yields a smaller error than when G" and G” are
combined, as required by more elaborate viscoelastic
models. As a preliminary approach to compensating for
dispersion, one could add a simple frequency-dependent
correction term such as A/w to . With A = 120 kPa/s, both
25Hz and 50 Hz shear moduli data are increased to a
common range between 1.7 and 2.2 kPa. Although such
correction is not supported by rheological models, it may
help to eliminate dispersion and thus to potentially
increase the significance of relative, symptomatic
variations in future brain MRE studies.

Without assuming any particular dispersion relation, it
is important to consider the frequency range when
comparing our own results with data from the literature.
Using oscillation shear tests on porcine brain specimen,
G’ and G” were reported in the frequency range 25-50 Hz
by Nicolle et al. (47), Arbogast and Margulies (48), and
Brands et al. (5) with dynamic moduli from 4.9 to 5.7 kPa,
1.0to 1.2kPa, and 0.8 to 0.9 kPa and loss moduli from 1.0
to 1.1 kPa, 0.5 to 0.9 kPa, and 0.4 to 0.5 kPa, respectively.
Fallenstein et al. (49) investigated human white matter
samples with 10Hz shear oscillations, finding a loss
modulus of 0.95kPa and a dynamic modulus of 0.47,
and Shuck and Advani (50) found dynamic moduli from
10.5 to 18.0kPa and loss moduli from 5.0 to
9.0kPa between 25 and 50Hz. Our results for 25 Hz
(G'=1.17+£0.03kPa, G" =0.49 +£0.06 kPa) are within
the interindividual standard deviations of Fallenstein
et al. (49) despite the higher vibration frequency used.
However, our data show a higher degree of dispersion
than most data from the literature (except those of Shuck
et al. (50)). We attribute this difference to either intrinsic
differences between ex vivo and in vivo tests or a
systematic misinterpretation of shear-wave patterns
related to data postprocessing in MRE. One relevant
point discussed in the literature is the treatment of
hydrostatic compression in the inversion technique
(26,39-41). Spatial filters as used here may decrease
the determined shear moduli. However, a comparison
with 3D MRE studies on human brain indicates that our
data can extrapolate the dispersion given by the data of
Green et al. (35) (2.5kPa at 65 Hz) and Hamhaber et al.
(36) (3.5kPa at 83 Hz) to a static modulus (at O Hz) of
~0.8 kPa. This is even more notable because different
inversion techniques have been used in both studies that

Copyright © 2007 John Wiley & Sons, Ltd.

are less sensitive to compression waves than the method
introduced here.

In summary, an experimental protocol based on 2D EPI
MRE combined with a head-rocker actuator is introduced
for the fast measurement and reproducible determination
of viscoelastic constants of living human brain. With this
protocol, averaged shear modulus and shear viscosity data
of the cerebrum were obtained in six healthy male
volunteers that show no significant interindividual
variation. Repetitions of the experiment over a longer
time period illustrated the stability of scalar wave field
analysis against variations in shear wave patterns that
may occur if the relative positions between volunteer,
actuator, and image plane are changed slightly. The
results of this study represent the first comparison of brain
viscoelastic data between healthy subjects. The given
viscoelastic parameters may be useful for relative
assessment of diffuse cerebral diseases by MRE.
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