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Magnetic resonance elastography (MRE) was extended to the
microscopic scale to image low-frequency acoustic shear
waves (typically less than 1 kHz) in soft gels and soft biological
tissues with high spatial resolution (34 �m � 34 �m � 500 �m).
Microscopic MRE (�MRE) was applied to agarose gel phan-
toms, frog oocytes, and tissue-engineered adipogenic and os-
teogenic constructs. Analysis of the low-amplitude shear wave
pattern in the samples allowed the material stiffness and vis-
cous loss properties (complex shear stiffness) to be identified
with high spatial resolution. �MRE experiments were con-
ducted at 11.74 T in a 56-mm vertical bore magnet with a 10 mm
diameter � 75 mm length cylindrical space available for the
elastography imaging system. The acoustic signals were gen-
erated at 550–585 Hz using a piezoelectric transducer and high
capacitive loading amplifier. Shear wave motion was applied in
synchrony with the MR pulse sequence. The field of view (FOV)
ranged from 4 to 14 mm for a typical slice thickness of 0.5 mm.
Increasing the agarose gel concentration resulted in an in-
crease in shear elasticity and shear viscosity. Shear wave mo-
tion propagated through the frog oocyte nucleus, enabling the
measurement of its shear stiffness, and in vitro shear wave
images displayed contrast between adipogenic and osteogenic
tissue-engineered constructs. Further development of �MRE
should enable its use in characterizing stiffer materials (e.g.,
polymers, composites, articular cartilage) and assessing with
high resolution the mechanical properties of developing
tissues. Magn Reson Med 54:605–615, 2005. © 2005 Wiley-
Liss, Inc.
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A goal of soft-tissue mechanobiology is to understand the
mechanisms by which physical forces regulate cell and
tissue growth, differentiation, and division. In order to
evaluate the effect of applied mechanical stresses on living
systems, we must develop a safe and noninvasive method
to characterize the elements of the stress-strain tensor at or
near the cellular scale. Measurement of shear wave motion
in small tissues provides unique spatially-localized infor-
mation about the tissue’s material properties. Such infor-
mation can reflect the development of pathology and in
some cases biomechanical integrity.

Many disease states can significantly change a tissue’s
shear viscoelastic parameters, which in turn can signifi-
cantly affect shear wave propagation through the tissue.

Recently this concept was combined with ultrasound (US)
and magnetic resonance imaging (MRI) to provide a non-
invasive means of visualizing shear wave motion suitable
for use in a clinical setting. In US elastography, the Dopp-
ler effect has been used to provide localized information
about tissue motion to map shear wave propagation at
excitation frequencies from 20 to several hundred Hertz
(1–4). Magnetic resonance elastography (MRE) employs a
phase contrast (PC) MRI technique to extract a measure of
the mechanical vibration in tissue, and to visualize the
spatial and temporal patterns of strains associated with the
propagation of the shear waves. From these data, a map of
the “shear stiffness” throughout the tissue can be recon-
structed (5,6). Both approaches are finding wide applica-
tion for the noninvasive study of nontransparent materials
and for the evaluation and diagnosis of developing pathol-
ogies.

The elastography imaging techniques have received
much attention recently in the fields of biology and med-
icine because they provide quantitative information on the
shear elastic moduli of soft tissues (liver, brain, muscle,
solid tumors, etc.), which span a large dynamic range
(1–200 kPa) and provide a significant contrast between
normal and abnormal tissues (7). MRE has been imple-
mented in clinical MRI systems to detect breast cancer (8),
visualize the elastic properties of skeletal muscle (9), and,
recently, to evaluate renal parenchymal disease in a rat
model (10). For example, in the latter study the shear
stiffness of the renal cortex in normal rats was 3.87 kPa
and increased to 5.02 kPa after 2 weeks of ethylene glycol
exposure, simulating nephrocalcinosis.

Elastography, as it is currently applied, provides “mac-
rolocalized” information and examines relatively large
fields of view (FOVs) with moderate resolutions, millime-
ter slices, and millimeter in-plane resolution (1–6). To
estimate the shear stiffness, typically a half wavelength is
needed through the object of interest (10). An increase in
the resolution of either US elastography or MRE requires
higher frequencies and field strengths or a higher number
of MRI scan averages. The speckle inherent to conven-
tional medical US imaging limits its minimum resolvable
shear wavelength in a depth-dependent fashion, from ap-
proximately 1 cm near the transducer to several centime-
ters at 10–15 cm depth. To date, MRE has been performed
at relatively low static magnetic fields in clinical MR sys-
tems (typically 1.5 Tesla), with a typical voxel resolution
of 1 mm � 1 mm � 10 mm. “Microlocalized” elastographic
information with high spatial resolution could provide
unique enhanced diagnostic potential (11,12).

In this paper we describe a method termed microscopic
MRE (�MRE), in which the basic principles of MRE are
extended to high-resolution MR systems. The design for a
new �MRE system at high magnetic field is presented in
which the four-dimensional (4D) spatial-temporal shear
wave vector is calculated with microscopic resolution.
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The presented technique has been used to image shear
wave motion with a microscopic resolution of 34 �m �
34 �m � 500 �m, and shear wave excitation frequencies of
550 to 580 Hz, with the potential for further improvement
in resolution and range of measurable shear stiffnesses
after additional modifications are made. In the present
study, we estimated shear stiffness and an associated
damping factor simply by measuring the wavelength and
attenuation along a vertical line profile through the image,
assuming 1D planar shear wave propagation. This newly
developed technique has many potential applications, in-
cluding identifying the mechanical properties of tissue-
engineered constructs, identifying changes in the mechan-
ical properties associated with carcinoma and coronary
artery disease, studying the mechanical properties of small
biological tissues (such as frog oocytes), and investigating
the mechanical properties of composite materials and
polymers, to name a few.

THEORY

MRI can be used to detect spin motion (13). The motion of
an ensemble of the nuclear spins causes a phase shift given
by

��t�* � ��G� r�t� � r��t�dt , [1]

where � is the gyromagnetic ratio, G� r�t� is the temporal
function of the magnetic field gradient superimposed on
the static magnetic field, and r��t� describes the spatial
position of the spin isochromat as a function of time, such
that:

r��t� � r�0 � ���r,t� , [2]

where r�0 represents the initial location at time t � 0, and ���r,t�
is the cyclic displacement of the spin about its mean posi-
tion. If a rectangular magnetic field gradient (motion sensi-
tizing gradient), switched in polarity, is turned on for a du-

ration 	 so that �
0

	

G� r�t�dt � 0 , and is synchronized with the

nuclear spin motion caused by harmonic acoustic wave ex-
citation, i.e., �� � ��0exp� j
k � r � 2�ft � �
� , then the MR
observed phase shift of the moving magnetization can be
written as (5)

��r,�� � ��
0

	

G� t�t� � ��0exp�j
k � r � 2�ft � �
�dt,

�
2�	�G� � ��0�

�
sin�k � r � �� , [3]

where ��0 is the peak displacement of the spin from the
mean position, k is the wave number, f is the acoustic
excitation frequency in Hertz, and � is the phase offset
between the bipolar gradient pulses and the acoustic wave.

Two phase measurements are usually made by toggling
the bipolar gradient pulses, positive to negative (14). The
phase images are then calculated by either subtraction or
complex division to obtain the shear wave image. The MR
received phase shift is collected using a PC gradient or
spin-echo (SE) pulse sequence. To increase the magnitude
of the detected phase, multiple numbers of bipolar gradi-
ent pulses can be introduced in the sequence (5).

The linear elastic properties of any material (i.e., isotro-
pic, orthotropic, or anisotropic) can be fully defined by a
rank 4 tensor with up to 21 independent quantities (15). By
dynamically applying an external stress, in addition to
these elastic properties, there is the potential to determine
viscous or dissipative properties of the medium that are
rate-dependent. Assuming linear isotropy and harmonic
motion at frequency � � 2�f, the viscoelastic parameters
of soft-tissue-like materials can be reduced to the two
complex Lamẽ constants: � � �1 � j��2 and � � �1 � j��2.
Here, �1, �2, �1, and �2 denote volume elasticity, volume
viscosity, shear elasticity, and shear viscosity. Note that a
Voigt model is used to extract the mechanical properties
(e.g., Refs. 16–18). Expressions for other elastic moduli,
such as Young’s modulus E, with loss factor �, and Pois-
son’s ratio �, can be expressed in terms of the Lamẽ con-
stants. For soft biological tissues, such as muscle, fat, and
connective tissue, �1 �� �1, �1 � 2.6 GPa (same as water)
and �2 � 0 (in the frequency range of interest). Conse-
quently,

E�1 � j��� �
��1 � j��2��3�1 � 2�1 � 2j��2�

�1 � �1 � j��2
� 3�1

� j3��2 , [4]

� �
1
2

�1

�1 � �1 � j��2
�

1
2

�1

�1 � �1
. [5]

It is � (both its real and imaginary parts) that most directly
determines the nature of shear wave motion and is most
strongly affected by different pathologies that alter the
tissue construct/structure. Shear wave speed, cs, and
wavelength, �s, are related by cs � �sf:

cs � �2
�

�1
2 � �2�f�2�2

2

�1 � ��1
2 � �2�f�2�2

2 . [6]

Due to the significant shear viscosity, �2, in soft biological
tissues, shear waves are dispersive, i.e., shear wave speed
is frequency-dependent and consequently the wavelength
does not scale proportionally with frequency. Addition-
ally, shear waves attenuate rapidly. Given the significant
difference in values for �1 and �1 in soft biological tissue
(typically six orders of magnitude), shear wave lengths are
substantially shorter than compression (longitudinal)
wavelengths. For example, at a driving frequency of
500 Hz, the compression wavelength is �3 m and the shear
wavelength is �9.5 mm, assuming typical soft-tissue val-
ues of �1 � 2.6 GPa, �2 � 0, �1 � 2.5 kPa, �2 � 15 Pa-s, � �
1100 kg/m3 (16,17).

Isotropic material models can be applied to MRE mea-
surements to obtain localized estimates of elastic moduli
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and attenuation parameters (19–22). The general approach
applied in this study was to estimate the wavelength from
a vertical line profile along the propagation path of the
shear wave image (23). A logarithmic decrement (�) mea-
surement can be used to quantify damping with at least
two successive waves along the vertical line profile (24):

��ln
W(x)

W(x�T)
, [7]

where W(x) is the amplitude of the wave at location x, and
W(x�T) is the amplitude of the wave shifted from x by one
wavelength. Based on Eq. [6] and the above discussion and
assumptions, estimates of � and �s can then be used to
identify �1 and �2, assuming that � is known. Specifically,
assuming planar shear wave propagation only in a homo-
geneous, linear viscoelastic medium with no reflections,
we have, via polar representation of complex numbers and
the use of trigonometric identities:

�s �
1
f �2

�

�1
2 � �2�f�2�2

2

�1 � ��1
2 � �2�f�2�2

2, � �
4�2f�2

�1 � ��1
2 � �2�f�2�

2.

[8-9]

Note that in many MRE references the term “shear stiff-
ness” is used. This denotes �(�sf)

2, which reduces to �1 if
�2 � 0. Shear stiffness is also used in the present article as
a simple means of comparing measurements in different
materials.

From the above discussion, it is clear that to achieve
high spatial resolution the shear wavelength must be re-
duced. This can be achieved by increasing the driving
frequency, f. However, the use of higher frequencies re-
sults in increased attenuation with distance, which in turn
results in the need for a stronger shear wave excitation
amplitude. This leads to a strong response near the actua-
tor producing phase wrapping, since the phase informa-
tion value is bounded between �� when the four-quadrant
arctangent function is used (14). A number of schemes are
available to unwrap phase difference maps (25–27). For
example, phase unwrapping can be formulated as an un-
weighted least-squares problem solving Poisson’s equation
to satisfy a minimum norm (26). Poisson’s equation in this
case can be viewed as the equation that embodies the
unweighted least-squares phase unwrapping problem. The
Poisson’s equation can be solved directly by means of the
fast Fourier transform (FFT). To use FFT-based methods, a
mirror function extends the input data to form a periodic
function. Since FFTs on extended periodic functions col-
lapse mathematically into discrete cosine transforms
(DCTs), DCT algorithms are more efficient than FFTs be-
cause mirror functions are not required (26).

MATERIALS AND METHODS

Materials Preparation

Agarose gel phantoms with different stiffnesses mimicking
biological tissues were constructed by mixing varying
amounts of agarose gel (SeaKem® LE Agarose; Cambrex,
East Rutherford, NJ, USA) 0.25–1% w in 0.9% saline so-

lution (Baxter, Deerfield, IL, USA) at �70°C for 10 min,
with a gelling temperature of �35°C. The heated mixture
was poured inside the sample tube and allowed to gel at
room temperature.

Two biological samples were tested. First, late-stage frog
(Xenopus laevis) oocytes (typical diameter � 1–1.5 mm)
were isolated and tested within 3 days of harvesting. The
oocytes were defolliculated with collagenase and stored in
buffered media at 4°C (28). Second, tissue-engineered con-
structs from adult mesenchymal stem cells (MSCs) were
tested (29,30). Primary human MSCs were obtained from a
healthy human donor via a commercial source (AllCell,
Berkeley, CA, USA). The tissue-engineered constructs
were fabricated by seeding MSCs into gelatin sponges un-
der different experimental conditions designed to stimu-
late osteogenic and adipogenic differentiations. For the
adipogenic constructs, human bone marrow cells were
plated at a density of approximately 107 nucleated cells/
100 mm culture plate. For a full description of the isola-
tion of human bone marrow MSCs, refer to Ref. 29.

MRI System

Imaging experiments were conducted at 11.74 T (500 MHz
for protons) using a 56-mm vertical bore magnet, with
10 mm available for imaging (Oxford Instruments, Oxford,
UK), and a Bruker DRX-500 MHz Avance Spectrometer
(Bruker Instruments, Billerica, MA, USA) controlled by a
Silicon Graphics SGI2 workstation (Mountain View, CA,
USA). A Bruker linear triple-axis gradient system with a
maximum magnetic field gradient strength of 200 G/cm
and a Micro 5 imaging probe were used for all experi-
ments. The scanner was controlled by ParaVision imaging
software version 2.1. The Bruker 5- and 10-mm RF saddle
coils were used for MRI.

�MRE System

Acoustic shear waves were generated with an overdamped
piezoelectric actuator (shown in Fig. 1a). The actuator
requirements included a controllable cyclic motion (fre-
quency and amplitude) and low magnetic interference. A
piezoelectric, lead zirconate titanate (PZT) wafer with
nickel electrodes (Piezo Systems, Cambridge, MA, USA)
adhered to a mechanical beam-like structure was chosen to
generate shear waves in the test medium. The PZT trans-
ducer drives the beam at its fundamental structural reso-
nant frequency to amplify motion. The resonant frequency
of the actuator was determined using a laser Doppler vi-
brometer (LDV) (CLV-800; Polytec, Auburn, MA, USA).
The actuator was driven with band-limited white noise by
a function generator, and the frequency response was re-
corded (as shown in Fig. 1d, where a high response is
noted near the structural resonant frequency). This lightly
damped resonant frequency response limits the range of
the driving frequencies of the actuator. Due to the high
capacitance reactance of the actuator, a custom-made am-
plifier was built with the capability of driving the trans-
ducer with a square-wave voltage of 200 Vp-p at its reso-
nant frequency. The resonant frequencies of the mechani-
cal actuator prototypes ranged from 550–585 Hz, and 200
Vp-p at that frequency produced about a 70 �m peak-to-
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peak dynamic displacement, as measured by integrating
the LDV measurement. The actuator was clamped at one
end by a mechanical fixture, press fitted inside the sample
tube (5- or 10-mm test tubes), and mechanically coupled to
the sample via a thin needle (diameter � 0.5 mm) to
reduce susceptibility artifacts and the contact area be-
tween the actuator and the phantom, as illustrated in Fig.
1b.

Two modified MR pulse sequences were used to acquire
the data. First, in order to capture all the inhomogeneities
and artifacts of the magnetic field due to the insertion of
the actuator inside the magnet, a modified spoiled gradi-
ent-echo PC pulse sequence was developed to control the
experiment. Bipolar gradient pulses (motion sensitizing
gradient, MSG) were introduced in addition to the slice-
select, phase-encoding, and read gradients (5). The bipolar
gradient pulses were repeated one to 32 times to maximize
the collected phase. The TR was chosen to ensure that the
gradient-echo PC sequence was spoiled, for acoustical and
MRI reasons. The acoustical reasons included the cessa-
tion of movements of the mechanical actuator to avoid
movement of magnetizations prior to the application of the
bipolar pulses that drive the mechanical actuator. The MRI
reasons included providing spatially uniform results, and
avoiding eddy currents that vary among TR intervals (24).
The flip angle was chosen based on the Ernst angle to
maximize the signal sensitivity per unit time. Second,
three modified spin-echo PC pulse sequences were used to

acquire shear wave images propagating through the axial,
sagittal, and coronal views by inserting the bipolar gradi-
ent pulses in the desired direction (i.e., X, Y, and Z encod-
ing). The bipolar gradient set was inserted after the 90°, or
180° RF pulse, or simultaneously after both RF pulses. It
should be noted in the pulse sequence that transient shear
waves are measured instead of the steady-state condition.

A separate audio-gated oscillator triggered by the scan-
ner pulse sequence was used to drive the mechanical
actuator. The mechanical actuator was synchronized with
the pulse sequence motion-sensitizing gradient. The ex-
perimental setup, including the pulse sequence, RF coil,
and mechanical actuator for a gradient-echo PC sequence,
is shown in Fig. 2.

The following parameters were used in a typical �MRE
experiment: FOV � 4–14 mm, TE � 5–70 ms, TR � 200–
800 ms, slice thickness � 0.5 mm, and an in-plane square
resolution � 34 �m � 34 �m to 140 �m � 140 �m for a
square acquisition matrix (128 � 128). The total acquisi-
tion time for a PC �MRE experiment with a single average
ranged from 82 s for a gradient-echo-based sequence to
342 s for a SE-based sequence.

Postprocessing

The raw complex data were acquired and loaded into
Matlab v6.5 (MathWorks, Natick, MA, USA) to reconstruct
the magnitude and phase images for each phase offset, and

FIG. 1. a–c: Photographs and mechanical drawing
of the actuator and the mechanical support fixture,
also showing the actuator/fixture press fitted inside
a 10-mm glass tube. d: Actuator response to a
band-limited random noise input with a resonance
frequency of 585 Hz.
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one offset was used to calculate the mechanical properties.
Phase difference (shear wave) maps were obtained using
complex division, such that the positive bipolar image was
divided by the negative bipolar image on a pixel-by-pixel
basis (24). The phase difference map was acquired for a
stationary sample to check for eddy current effects due to
the magnitude and polarity of each bipolar gradient
pulses. Shear wave images were checked for phase wrap-
ping and, if necessary, phase unwrapping was performed
using the discrete cosine transform algorithm described
above. Shear wave images were masked based on a thresh-
old value from the magnitude images if needed. To mon-
itor the progression of the shear wave, temporal measure-
ments were obtained by varying the phase offset between
the mechanical actuator and the motion-sensitizing gradi-
ent (�).

RESULTS

Phantom Models

A shear wave image acquired for 0.25% w agarose gel with
the �MRE system with a voxel resolution of 109 �m � 109
�m � 500 �m is shown in Fig. 3, with the oscillatory

motion of the actuator needle parallel to the direction of
the motion-sensitizing gradient. The image represents a
snapshot at a specific instant in time. A vertical line profile
through the sample image shows a damped sinusoid from
which the wavelength and attenuation can be approxi-
mated if planar wave propagation is assumed. Five periods
along the propagation path were noticed with �s_avg �
1.7 � 0.07 mm and � � 0.34. To further test the system, the
agar gel concentration was varied from 0.25% w to 1% w,
as shown in Fig. 4. Table 1 provides the MR relaxation
times for different agar gel concentrations and the corre-
sponding mechanical parameters. Notice that the value of
the shear stiffness is smaller but close to �1, suggesting
low damping values. The 1% w agar concentration was
excluded since two successive waves were not attained,
and hence the log decrement, �1, and �2 could not be
measured. The wavelength for the 1% w agar gel concen-
tration was 8 mm, corresponding to a shear stiffness of
19 kPa.

It is possible to obtain the 3D shear wave image by a
single localized acoustic excitation. The strength of the
waves weakens when moving away from the actuator, as
shown in Fig. 5. Generally, phase wrapping occurs in

FIG. 2. �MRE setup.

FIG. 3. a: Shear wave image through a uniform gel
phantom, 0.25% w agar concentration. b: Vertical
line profile through the image. Mechanical excita-
tion frequency � 550 Hz, � � 1.7 mm, in-plane
resolution � 109 �m � 109 �m, slice thickness �
500 �m.
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�MRE near the actuation source. The discrete cosine
transform algorithm is then used (the wrapped and un-
wrapped shear wave images are shown in Fig. 6).

Next, a simple composite phantom (two media with
different stiffness values) was tested. As expected, the
wavelength decreased as the shear wave traveled from the
stiff to the soft media (as shown in Fig. 7), consistent with
a reduction in the shear stiffness.

The small localized mechanical actuator used in these
experiments generates shear waves that propagate in all
three directions. The motion-sensitizing gradient acts as a
filter to extract the motion parallel with its direction (i.e.,
Fig. 3 shows the shear wave component in the Z-direction
only). It is possible to measure shear waves for each plane
as a 3D displacement wave vector by alternating the direc-
tion of the motion-sensitizing gradient. Shear waves prop-
agating in all directions for a single plane are shown
in Fig. 8. These components are summed �UTotal

� �Ux
2 � Uy

2 � Uz
2 , where Ux , Uy , and Uz are the shear

wave components propagating along the frequency-encod-
ing, phase-encoding, and slice-select gradients, respec-
tively) to produce the 3D shear wave vector shown in Fig.
9 (i.e., Fig. 9 shows the amplitude (UTotal) and orientation
of the wave; it is reconstructed from all the components in

Fig. 8 (the barrier in Fig. 9 is noticeable due to the random
phase signal along the glass wall)). By varying the phase
offset between the mechanical actuator and the motion-
sensitizing gradient, temporal changes can be monitored
as well.

Biological Samples

Two types of biological samples were examined using
�MRE. A shear wave traveling through a frog oocyte em-
bedded in agarose gel is shown in Fig. 10. A 5-mm RF
saddle coil was used to acquire the images with an in-
plane resolution of 34 �m � 34 �m and a slice thickness of
500 �m. The oocyte is 1.5 mm in diameter and the FOV is
4.5 mm. The oocyte nucleus is shown in Fig. 10a with a
diameter of 500 �m. An air bubble can also be noticed in
the MR image with low signal intensity, which results in a
small distortion in the shear wave image (Fig. 10b). A line
profile along the oocyte nucleus is shown in Fig. 10c and
d. The shear wave through the oocyte can be distinguished
from the surrounding gel, as shown in Fig. 10c. By plotting
a vertical line profile along the nucleus (Fig. 10d) in the
shear wave image, a half wave is visualized that corre-
sponds to an approximate shear stiffness of 0.3 kPa. It is
acknowledged that a better estimate of shear stiffness
could likely be obtained if the shear wave frequency could
be increased.

The second type of biological samples tested using
�MRE were tissue-engineered constructs that were differ-
entiating into adipogenic and osteogenic tissues. Shear
waves traveling through the adipogenic and osteogenic
constructs after 2 weeks of differentiation are shown in
Fig. 11 with their corresponding MR images. The shear
stiffness values for the adipogenic and osteogenic con-
structs were roughly estimated to be �1.2 kPa and �15
kPa, based on wavelengths of �2 mm and �7 mm, respec-
tively.

FIG. 4. Shear wave images in homogenous
phantoms with different stiffness values,
agar concentration (%w): a: 0.25, b: 0.5, c:
0.75, and d: 1. Mechanical excitation fre-
quency � 550 Hz, FOV � 1.2 cm, in-plane
resolution � 93.75 �m � 93 �m, and slice
thickness � 500 �m.

Table 1
Relaxation Times for Agar Gel Tested Using �MRE and the
Corresponding Mechanical Properties. Driving Frequency of the
Mechanical Actuator Was 550 Hz

Gel concentration (% w) 0.25 0.5 0.75

T1 (ms) 2360 2160 2170
T2 (ms) 91.7 74 87
Wavelength �s (mm) 1.7 4.1 5.5
Shear wave speed cs (m/s) 0.88 2.2 3
Log decrement � 0.37 0.7 0.82
Shear stiffness (kPa) 0.77 4.84 9.15
Shear elasticity �1 (kPa) 0.857 4.89 8.69
Shear viscosity �2 (Pa-s) 0.029 0.32 0.67

610 Othman et al.



DISCUSSION

Different techniques have been proposed for the noninva-
sive measurement of tissue mechanical properties. US
elastography and MRE have been used recently in clinical
settings (1–6). One advantage of such systems is the large
available FOV, which allows for in vivo analysis of full
organs. Shear wave images produced by �MRE resemble
images produced by clinical MRE (5,6,8–10), but with a
substantially smaller voxel dimension (34 �m � 34 �m �
500 �m vs. 1 mm � 1 mm � 5 mm). However, recent
studies on a liver sample at 1 T and skin at 1.5 T achieved
200 �m and 168 �m resolutions for 1 mm and 340 �m
slices, respectively (31,32). While MRE has the advantage
of a large FOV (around 20 cm), �MRE has the advantage of
high resolution. Additionally, the material volume used

for �MRE is small, which is useful when one investigates
the mechanical properties of small or costly samples, such
as tissue-engineered constructs. Also, higher excitation
frequencies, which are not feasible for conventional MRE
because of minimal penetration depth, can be suitable for
�MRE.

A quantitative comparison between MRE and �MRE
shows reasonable agreement in terms of the measured
shear wave speed. In a study on quantitative MR elastog-
raphy (20), the shear wave speed was 2.08 m/s at an
excitation frequency of 400 Hz for 0.5% w agar gel con-
centration. The shear wave speed using �MRE for the same
gel concentration was 2.2 m/s at an excitation frequency of
550 Hz. The �6% variation in the results could be attrib-
uted in part to the driving frequency, resolution of the MR
system, and slight variations in gel concentration.

To scale MRE to the microscopic scale, one must over-
come all of the obstacles associated with scaling MRI to
MR-microscopy (e.g., reduced SNR and increased suscep-
tibility artifacts), as well as issues associated with the
miniaturization of the mechanical actuator, integrating it
with the RF coil, and efficiently transmitting the mechan-
ical waves to the sample in a confined space with minimal
mechanical loss and electromagnetic coupling artifacts.
Because of the small experimental space available within
the NMR magnet structure, the physical size of the me-
chanical actuator must be miniaturized to fit within the
NMR small imaging bore (in our case, 10 mm was available
for imaging). The reduced signal strength associated with a
smaller sample size is overcome by the use of a stronger
magnet. However, a larger static magnetic field also in-
creases the problem of susceptibility artifacts because they
are linearly dependent on the strength of the magnetic
field; therefore, the mechanical actuator should be fabri-
cated from materials that impart low magnetic interference
and reduced electromagnetic coupling and magnetic sus-
ceptibility artifacts.

To better elucidate the capability, constraints, and lim-
itations of �MRE, it should be noted that this technique
involves MRI system constraints and sample physical di-
mension and stiffness constraints in addition to the driv-
ing frequency discussed above. The available FOV places a
constraint on the maximum measurable wavelength, while
the MR system resolution places a constraint on the min-
imum wavelength according to:

2FOV��s�2�x [10]

FIG. 5. 3D shear wave propagating through a homogenous phan-
tom. Imaging volume � 5 mm � 5 mm � 3 mm, in-plane resolu-
tion � 140 �m � 140 �m, slice thickness � 0.5 mm. For the XYZ
orientations defined on the above figure: the imaging plane is the XY
plane, and six slices were taken along the Z-direction, which cor-
responds to the slice-select gradient. The motion sensitizing gradi-
ent is superimposed on the phase-encoding gradient, parallel to the
Z-direction, and collinear with the actuator motion. The imaging
volume corresponds to half a tube starting from the actuator tip near
the center of the RF coil all the way to the coil legs.

FIG. 6. Gradient-echo PC shear wave image through a gel phantom, 0.25% agar concentration, � � 580 Hz. a: Wrapped image. b: Vertical
line profile along the sample showing a wrapped sinusoid. c: Unwrapped image using discrete cosine transform.
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where 2FOV is based on the fact that half a wavelength is
needed to estimate the shear stiffness, and �x is the MRI
system resolution; therefore, 2�x is the minimum wave-
length based on the Nyquist criterion.

The reduced sample size results in the need for a
higher driving frequency to capture a full wavelength
within the available FOV. To visualize a full wave, a
higher driving frequency or larger sample is needed.
While a driving frequency of 100 –300 Hertz is suitable
for clinical systems, for �MRE the driving frequency
must be higher. However, high excitation frequencies
result in higher rates of attenuation and consequently
low penetration depth. This means that a larger actuator
stroke is needed, which leads to a dynamic range prob-
lem and typically phase wrapping near the actuator tip.
In this study, a discrete cosine transform algorithm was
implemented that provided a robust performance. Data
with sufficient SNR combined with a high driving fre-
quency enable better mechanical property reconstruc-
tion, and thus allow stiff or low spin density materials,
such as polymers (33), to be examined. A new way to
calculate, evaluate, and analyze �MRE phase images is

needed before we can compare its performance with
those of different pulse sequences. For example, statis-
tical approaches have been used to analyze the noise in
slow-flow PC MRI (34).

In the present study, simple planar wave propagation in
linear viscoelastic, isotropic material was assumed to es-
timate material shear viscoelastic properties in some of the
presented example case studies. Of course, isotropic ma-
terial models are not sufficient to fully describe complex
biological heterogenous materials. Additionally, there are
substantially more complex algorithms proposed in the
literature that can more accurately and precisely identify
localized material properties based on MRE shear wave
images, even for isotropic materials. Since the primary
focus of the present article is to describe the technical
achievement of �MRE (i.e., the ability to create and image
shear wave motion with much higher resolution) and to
explore some of its possible applications, an adaptation to
the microscale and an evaluation of the numerous algo-
rithms now available for extracting material property val-
ues based on conventional MRE measurements are topics
for future work.

FIG. 8. Extracted 3D shear wave components in a
coronal view using a SE PC sequence. The motion
direction is parallel to the y-axis, and the motion-
sensitizing gradient is superimposed on the a: fre-
quency-encoding gradient corresponding to the
X-direction, b: phase-encoding gradient corre-
sponding to the Y-direction, and c: slice-select
gradient corresponding to the Z-direction. d: Ex-
tracted portion of the FOV.

FIG. 7. a: Shear wave image in a two-com-
ponent gel phantom. b: Vertical line profile
displaying the wavelength through both gels
with different concentrations. c: Schematic
diagram of the composite phantom. Me-
chanical excitation frequency � 550 Hz,
number of bipolar pulses � 12, in-plane
resolution � 109 �m � 109 �m, and slice
thickness � 500 �m.
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The potential applications of �MRE include most sub-
jects that are currently investigated with MR-microscopy.
�MRE could be used to study shear wave motion in small
biological samples, and the nuclear properties of single
cells (e.g., oocytes). The nucleus plays a vital role in cell
mechanobiology. The elastic modulus of a Xenopus laevis
oocyte nuclei was reported to be 0.2 kPa (35) vs. 0.3 kPa
obtained using �MRE, which demonstrates the feasibility
of �MRE for studying nuclear properties. The oocyte nu-
clei are hundreds of micrometers in diameter. With the

proper resolution, a shear wave excitation of 1 kHz may be
sufficient to visualize a full wave through the nucleus. It
was reported that under mechanical shear stress, cells are
able to change gene expressions related to structure and
morphology (36). �MRE could be used to monitor such
changes.

Another promising application for �MRE is to study the
changes in the mechanical properties of tissue-engineered
constructs during different growth stages. Preliminary
studies were performed on adipogenic and osteogenic en-
gineered tissues, in which shear stiffness was easily dif-
ferentiated.

CONCLUSIONS

A new technique called �MRE has been developed. This
technique provides a very high spatial resolution (in-plane
resolution of 34 �m � 34 �m with a 500 �m slice thick-
ness). Shear waves in gel phantoms were created using a
piezoelectric mechanical actuator and imaged with the
high-resolution MR system. �MRE has many potential bio-
medical and material applications, including monitoring
different growth stages of tissue-engineered constructs,
and identifying and understanding the mechanical prop-
erties of different stages of carcinoma. �MRE may help
make current MRE technology useful for clinical settings
by providing baseline quantitative mechanical informa-
tion on different normal and abnormal tissues. With such
information, clinicians could use elastography as a clinical
diagnostic tool. We speculate that �MRE can be used as a
shear wave transmitter and detector to study changes in
mechanical properties of oocyte nuclei and help improve
our understanding of disease states related to cell mech-
anobiology. Further technological advances should in-
clude the design of higher-frequency actuators that effi-
ciently couple with microimaging solenoidal or surface

FIG. 10. a: MR image of a frog oocyte. b: Corre-
sponding shear wave image. c: Vertical line profile
through the sample and d. Vertical line profile
through the oocyte shown in a. Mechanical exci-
tation frequency � 550 Hz, FOV � 4.5 mm, in-
plane resolution � 34 �m � 34 �m, and slice
thickness � 500 �m.

FIG. 9. 3D shear wave vector in a coronal view reconstructed using
shear wave components shown in Fig. 8.
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coils. Additionally, different reconstruction algorithms
should be investigated to extract the desired mechanical
information with a higher confidence level.
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