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Abstract Introduction: Magnetic resonance elastography (MRE) is a non-invasive technique to quantitatively assess
the mechanical properties of biological tissue. Among multiple actuation methods, pneumatic driver is popularly used
due to the advantage of good MR compatibility. In this study we set up a prototype pneumatic driver and investigate
its performance under MRE with stimulations of various amplitude-frequency pairs.Materials and Methods: Load-free
performance of the driver was tested using ultrasound with stimulations of various amplitude-frequency pairs. Performance
with load was tested using MRE with both tissue mimicking phantoms and leg muscle. Results: Frequency and amplitude
of the external stimulation, mechanical properties of biological tissue, and the length and the diameter of the transmission
tube were all found to affect the elastogram reconstruction. Conclusions: A MR compatible actuating driver generating
reliable mechanical stimulation is required to guarantee stable propagating shear waves in tissue. Optimal actuating

parameters should be properly determined in the practice of MRE for specific tissue.

subjective to harmonic mechanical excitation and allow

Introduction for the calculation of local shear modulus that depict

tissue elasticity B even for deep located tissues such

as liver P\ This technique provides a unique image

developing technology for quantitatively assessing
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is a phase-contrast-based imaging technique that can

the mechanical properties of biological tissue

measure propagating acoustic shear waves in tissue
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contrast based on tissue stiffness. MRE has shown
promising applications in hepatic fibrosis and sclerosis

differentiating™, brain disease *’, tumor characterization,

particularly in breast!” ) liver ™ '”, kidney and prostate,
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and assessment of rehabilitation of muscle " '?.

The technique of MRE essentially involves generating
acoustic shear wave within tissues via a coupled, MR
compatible, mechanical driver, acquiring MR phase
images depicting the propagation of the shear waves
by a special pulse sequence synchronized with motion
sensitive gradients, and calculate tissue stiffness to create
MR elastogram map "> ',

Achieving adequate signal-to-noise ratio (SNR) for
post processing methods of reconstruction of elasticity
values from the phase images usually requires a spin
displacement on the order of several tens of micrometers

3,15
!, However, there are no

within the region of interest'
generally accepted rules for optimizing the acquisition
parameters in various tissues have been established. The
optimal values have to be found by performing trial runs
for each MRE setup preceding application to a new tissue
type, say biceps, brain, or liver, but the parameters do not
as a rule have to be optimized in individual subjects "'

Good performance of the mechanical actuator is essential
to provide mechanical wave with steady frequency and
sufficient amplitude during image acquisition. Among
multiple designs pneumatic actuator is mostly used for its
advantages of good MR compatibility, being inexpensive
and more practical in clinical applications ' '® ',
However, in a pneumatic system air is intrinsically
compressible medium **, which may complicate the
power transfer via a long transmission tube. It is essential
to investigate the performance of the pneumatic driver
under different excitation parameters with and without
load to optimize imaging parameters of an MRE study. To
understand the driver’s performance, we setup a prototype

MR compatible pneumatic driver with frequency

bandwidth of 50 Hz-150 Hz in this study. Its load-free
performance was tested using ultrasound method, and
validated its application with load using tissue mimicking

phantom and leg muscle.

2 Materials and Methods

A. The Prototype Pneumatic Driver Setup

The prototype pneumatic driver system consists of a
loudspeaker outside the scanning room as active driver to
generate air mechanical vibration from 50 Hz to 150 Hz
(Fig. 1). The air mechanics is transmitted to a passive
driver via a plastic tube which was sealed with a thin
membrane at the free end. The membrane vibrates in
response to the air vibration and serving as passive driver
to induce acoustic shear wave in tissue. An amplified
sine signal was applied to excite the loudspeaker and
synchronized to the imaging sequence ™ '\

B. Load free performance experiment

The response of the passive driver membrane to
mechanical stimulation under unloading was tested using
ultrasound in water. The tube and the passive driver
membrane were fixed in a water tank located at the focal
spot of an 5 MHz ultrasound transducer which emits RF
pulse to the center of the membrane at a pulse repeat
frequency (PRF) of 10 KHz. The first reflected pulse was
received to calculate the distance between the transducer
and the membrane when it vibrated in sine waveform.
A Field-Programmable Gate Array (FPGA) module was
applied to synchronize the loudspeaker and the signal
acquisition as well as the Pulser/Receiver (OLIMPUS
5800). Signal was sampled by ADC (NI PXI-5122) with
total memory of 10 M at the frequency of 25 MHz. The
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Figure 1. The setup of a prototype pneumatic driver
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corresponding acquisition time was 400 ms. Data of the
ultrasound RF signal was acquired in two mode:
Mode I: Signal Generator was synchronized with AD
data acquisition. The loudspeaker was synchronized with
ultrasound transducer and ADC. Time delay and transient
response of the membrane vibration were recorded.
Mode II: Signal Generator worked prior to the ultrasound
transducer and AD data acquisition for a few seconds.
The loudspeaker was turned on before the RF signal. The
steady response of the membrane vibration was recorded.
Data processing was performed using MATLAB (R2008a,
MathWorks, USA). The derived membrane vibration
information were calculated using cross correlation by the
first reflect RF pulse with three setups of different tube
dimensions and actuating frequencies as summarized in
TAB.L. The actuating frequency and Peak voltage output
from amplifier varied from 50 Hz to 150 Hz with a 10 Hz
step,and 3V, 6V, 10V, 12 Vand 15V, respectively.
C. Phamtom MRE with the Prototype Pneumatic
Driver
A homogeneous gel phantom measuring 13.5 cm X 13.0 cm
X 7.0 cm was fabricated simulating the elasticity of
human soft tissue. Another homogeneous phantom of
18 cm X 11 cmX 6 cm with an embedded firmer gel ball
of 4 cm in diameter was fabricated to simulate a tumor.
A 2D MRE gradient echo pulse sequence synchronizing
to the external oscillation of the pneumatic driver was
executed at a 3.0T MR scanner (Siemens Trio) with a 12
channel head coil. TR and TE varied in correspondence
to the frequency of external excitation, as shown in
TAB. II. Image matrix was 64 mm X256 mm, FOV was
180 mm X 180 mm, imaging plane was coronal, motion
sensitive gradient (MSG) was applied at Z-direction. MR
scans were repeated along with the mechanical wave
of 4 phase offsets (0°, 90°, 180°and 270°) with respect
to the MSG to get visualization of wave propagation
as a cine loop *'!. All images were acquired after the
loudspeaker was turned on for 1 minute to ensure that the
acoustic strain waves reached steady state. Phase images
were unwrapped using the method described in [22].
MREWAVE software (Mayo clinic) was employed to
reconstruct the phantom elastogram using local frequency
estimation (LFE) algorithm ****. The MRE flow chart is

shown as Fig. 2.
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Figure 2. The flow chart of MRE on agar phantom with the prototype
pneumatic driver

D. MRE on Human Leg Muscle Using the Prototype
Pneumatic Driver
This study was approved by local Institutional Review
Board and informed consent was obtained prior to the
MRE study for the subject. The passive driver was
immobilized respectively under the lower leg and thigh of
a healthy 26-year-old male. Stimulation ranged from 60
Hz to 100 Hz in frequency and 10 V~17 V in amplitude.
A 2D MRE sequence was applied with a 6 channel
surface coil. The Imaging parameters were the same as

aforementioned in the phantom study.

3 Results

A. Load Free Performance of the Driver

The load-free vibration response of the passive driver
membrane was shown in Fig. 3. Similar responses were
observed with 50 Hz~150 Hz with that of 80 Hz with
tube I was demonstrated as a representative. Fig. 3a
displayed the time delay and transient response under
mode I, during which the phase and amplitude changed
irregularly. The time delay was due to the air transmission
through the long tube. Fig. 3b showed that the response
reached a steady state in phase and amplitude under mode
II. Steady state was reached from the last 7 cycles in Fig.
3a from which the time for the vibration to reach steady
state with tube I from beginning was about 300 ms, for
80 Hz. The delay time varied with actuating frequencies
ranging from 50 Hz~150 Hz, from 194 ms to 300 ms.

B. Phantom MRE

Representative phase image and reconstructed elastogram

of a homogeneous tissue-like phantom at excitation
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Figure 3. Load free performance experiment of the prototype pneumatic
driver. A time delay and transient response under mode I was observed,
during which the phase and amplitude of the passive driver changed
irregularly (a). Frequency response reached a steady state in phase and
amplitude under mode II. Steady state was reached from the last 7 cycles
in Fig. 3a, from which the time for the vibration to reach steady state
with tube I was about 300 ms (b)

Figure 4. Representative phase image and reconstructed elastogram of
a homogeneous tissue-like phantom at excitation frequency

frequency of 100 Hz/5 v was shown in Fig. 4. Firmer
inclusion was clearly distinguished from the surrounding
background, and their stiffness was estimated as 2.28 kpa
and 11.79 kpa, respectively. Shear modulus estimated
under different harmonic mechanical frequencies and
amplitude was summarized in TAB. III. At a given
frequency, elasticity estimation increased with increasing
oscillating amplitude of the actuator (Fig. 5a); with a
controlled amplitude and mechanical frequency ranged
from 50 Hz to 150 Hz, the elasticity estimate showed a
trend of increase followed by a declination (Fig. 5b).

C. MRE on Human Leg Muscle

Representative MRE images and reconstructed elastogram
of human lower leg and thigh muscle were shown in Fig.
6. External excitation were 100 Hz/15 v(middle row)and
60 Hz/15 v(bottom row), respectively. MRE of 60 Hz
showed better wave propagation and elastogram than that
of 100 Hz which induced too little shear wave to evaluate

stiffness in bone area.

4 Discussion and Conclusions

This study with MRE setup verified that MRE work well
on phantom to visualize the elastogram. Study on the

performance of pneumatic driver demonstrated that the
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Figure 5. At a given frequency, elasticity estimation increased with increasing oscillating amplitude of the actuator (a); with a controlled amplitude
and mechanical frequency ranged from 50 Hz to 150 Hz, the elasticity estimate showed a trend of increase followed by a declination (b)
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Figure 6. Representative MRE images and reconstructed elastogram of the calf and thigh muscle of a healthy volunteer (27 years, male). External
excitations were 100 Hz/15 v(middle row)and 60 Hz/15 v(bottom row), respectively

transient response to reach steady state after excitation.
This suggests that a dummy period is needed to ensure
an optimal MRE data acquisition. The different vibration
amplitude response at steady state to various actuating
frequency and input voltage varied with dimensions
of transmission tube. This supports the truth that the
pneumatic driver has complicated nonlinear properties
because of air compressibility. Mechanical stimulation of
a pneumatic driver needs to be adjusted properly during
MRE study for specific biological tissues with different
mechanical properties; the intensity of the mechanical
wave propagating in the tissue has great influence on the
estimation of elasticity. To achieving adequate signal-to-
noise ratio (SNR) for reconstruction of elasticity values
from the phase images, this study explained that adequate
amplitude of wave propagation in all regions of tissue for
image acquisition with sufficient information is a must
for accurate reconstruction of tissue elastogram, and
intensity is meanly controlled by conditions such as driver
excitation frequency and amplitude, structural anisotropy
as well as the mechanical properties of the imaged tissue.
The estimation of elasticity increased with increasing
excitation amplitude of the actuator, and the frequency
also has a great influence on estimation of elasticity. So
it is crucial to choose optimal parameters of a pneumatic
driver in practice to guarantee appropriate shear wave and

reliable stiffness estimation of biological tissue.
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