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MRE using an air Ball-actuator

Abstract

The purpose of this study was to develop a new technique for a powerful compact MR
Elastography (MRE) actuator based on a pneumatic ball-vibrator. This is a compact actuator that
generates powerful centrifugal force vibrations via high speed revolutions of an internal ball using
compressed air. This equipment is easy to handle due to its simple principles and structure. Vibration
frequency and centrifugal force are freely adjustable via air pressure changes (air flow volume), and
replacement of the internal ball. In order to achieve MRI compatibility, all parts were constructed
from non-ferromagnetic materials. Vibration amplitudes (displacements) were measured optically by
a laser displacement sensor. From a bench test of displacement, even though the vibration frequency
increased, the amount of displacement did not decrease. An essential step in MRE is the generation
of mechanical waves within tissue via an actuator, and MRE sequences are synchronized to several
phase offsets of vibration. In this system, the phase offset was detected by a four-channel
optical-fiber sensor, and it was used as an MRI trigger signal. In an agarose gel phantom experiment,
this actuator was used to make an MR elastogram. This study shows that the use of a ball actuator
for MRE is feasible.

Key Words: Magnetic resonance elastography; pneumatic ball-vibrator; actuator; mechanical waves;

propagating waves

1. Introduction

Magnetic Resonance Elastography (MRE) [1-4] utilizes the fact that the shear wave propagation in
biological tissue is related to material stiffness. Stiffness parameters such as the shear modulus may
serve to distinguish between normal and abnormal tissues [5,6]. In recent years, MRE has been used
for biomechanical assessment of tissue-engineered cartilage [7]. In conventional MRE, repetition
time (TR) cycle shear motions are applied to the tissue of interest using external vibration sources of
motion, and the resultant oscillating displacements are imaged into the MR phase images using
negative-positive switching gradient lobes (motion-encoding gradient: MEG) inserted into
conventional MR pulse sequences [1-4]. The MEG is placed after RF excitation of the sample and
before measurement of the induced signal. The displacement of vibration is recorded on the MR
phase image as the MR phase offset by manipulating the axes on which the MEGs are placed. For
example, only the displacement of vibration occurring in the read-out direction will be sensitized to,
and encoded into, the MR phase image. When the period of external vibration and the period of
MEG are in agreement, the effect due to MEG serves as the maximum. In short, the implementation
of MEG increases the sensitivity of the MRE pulse sequence to the displacement of wave
penetration. The recorded wave images (MR phase images) were converted into shear stiffness

images by using an inversion algorithm. The local frequency estimate (LFE) algorithm was used



MRE using an air Ball-actuator

routinely as an inversion algorithm [8].

The mechanical TR cyclic waves employed in MRE are typically in the low acoustic frequency
range of 40 — 150Hz, and are often generated by a vibration device that is placed on the surface of
the human body over the region of interest [9-12]. The high frequency (500Hz or more) vibration
device is used to measure small biological samples [7,13]. These devices must be designed so as not
to create artefacts or electromagnetic noise, and must be suitable for the high magnetic field of an
MRI scanner. Investigators have described successful MRE vibration devices that are based on
electromechanical, piezoelectric, and remote-pneumatic actuators. An electromechanical actuator
works via the Lorentz force and utilizes the static magnetic field of the MRI magnet. Applying
alternating currents to an annular coil generates motion. A maximal torque acts on the coil if the
normal vector of its plane is perpendicular to the static magnetic field. The resultant periodic tilt is
transformed for mechanical actuation using a pivoted rod. In this commonly used design, the
orientation of the actuator coil restricts the directions available for mechanical excitation. A
piezoelectric actuator-generated vibration is based on the piezoelectric properties of certain materials.
Although high frequency vibration is possible by using a piezoelectric actuator, it only causes a
small amount of displacement. A remote-pneumatic actuator is a widely used method of creating the
required vibrations for MRE, utilizes the motion of the voice coils used in acoustic speaker systems.
These speakers, with their own permanent magnets, have to be placed away from the MRI magnet,
so this system requires an additional component to couple the vibration produced by the speakers to
the tissue. One approach is to enclose the area around the speaker cone or its equivalent in order to
use a long connecting tube to pneumatically conduct the harmonic pressure variations of the air into
the scanner and to terminate the tube in a big stethoscope-like driver kept in contact with the tissue
[11,14,15]. Remote-pneumatic actuators are easier to construct, cost less, and can be customized
easily to account for in vivo applications such as liver [11,16,17], muscle [15,18,19], or breast MRE
[9,10]. For low acoustic frequency ranges (120Hz or less), remote-pneumatic actuators can achieve
an adequate number of wave penetration displacements. However, when the acoustic frequency
increases (150Hz or more), the pneumatic actuator was difficult to achieve an adequate number of
wave penetration displacement [14]. Furthermore, the penetration of high frequency waves is easily
attenuated in the material. At the higher frequencies, the MR phase offset of the MRE sequence is
decreased and it has a reduced shear wave sensitivity.

The decrease in the MR phase offset of the MRE sequence can be enhanced by increasing
repetition of MEG or increasing the MEG gradient power. However, the repetition of MEG has an
upper limit because the increased repetition of MEG extends the echo time (TE). Extensions of TE
tend to decrease the signal to noise ratio (SNR), and increase the influence of magnetic susceptibility.
In particular, the repetition of MEG cannot be increased when imaging short T2 relaxation

components in a sample. The switching of the gradients induces an electrical current in conducting
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tissues according to Faraday’s law. In the MRE sequence for human studies, a rapidly changing
magnetic field associated with the switching of magnetic field gradients can generate currents in
tissue, which may exceed the nerve depolarization threshold and cause peripheral nerve stimulation
(PNS). Therefore, the repetition of MEG and the MEG gradient power have an upper limit.

In this study, an air ball-actuator is introduced that allows the operator to maintain a range of
displacement independent of frequency. To demonstrate the feasibility of the new actuator, MRE
experiments on agarose gel phantoms are presented and the performance properties measured

optically by a laser displacement sensor.

2. Materials and methods
2.1 Ball-actuator mechanism

Fig. 1 shows a picture of a prototype MRI-compatible ball-actuator, The concept for air
ball-actuator was inspired by a pneumatic ball-vibrator. Pneumatic ball-vibrators are commonly used
in industrial applications. Compressed air flows in through the tube connector (I). As a result, a
vibration is generated due to the centrifugal force accompanied by rotation of the internal ball (II) in
the circumferential direction of the raceway ring (III). Centrifugal force vibration and vibration
frequency are changed by replacement of the internal ball (II), and operational air pressure, The air
pressure (air flow volume) is controlled by the regulator. Physical property data for internal balls are
summarized in Table I, The actuator body is made from acrylic, and the built-in raceway ring (I1I) is
made from polytetrafluoroethylene (PTFE). The four-channel optical-fiber sensor (IV) enabled the
synchronization of four time vibration phase offsets. The optical-fiber sensor is one pair of a
“sender” and a “receiver”, Basically, a laser light is always transmitted to the light sensor “sender”
from the optical signal operating system via an optical fiber, and irradiated downward in the actuator
body. On the other hand, the light sensor “receiver”, disposed opposite to the light sensor “sender”,
receives the light irradiated from the light sensor “sender” and feeds back the optical signal relating
to the received light to the optical signal operating system. The light sensors’ “sender” and
“receiver” function only to irradiate the light and receive the irradiated light. Therefore, a
light-emitting element as a light generating means for generating light by the application of voltage,
and a light-receiving element as a light receiving means for converting the received light into the
corresponding electrical signal, are installed in the operating system. Under these circumstances,
when the motion in the circumferential direction of the internal ball (II) is conducted along the inner
surface of the raceway ring (III), the light reception at the light sensor “receiver” is disturbed when
the internal ball (II) is passed through the space between the light sensors” “sender” and “receiver”
so that the electrical signal to be transmitted to the optical signal operating system relating to the
received light at the light sensor “receiver” is stopped. On the other hand, since the motion in the

circumferential direction of the internal ball (II) is continuously conducted in terms of time when the
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MRE was produced, the electrical signal to be received at the operating system is stopped at a
prescribed time. Therefore, the rotational velocity in the motion of the circumferential direction of
the internal ball (IT) can be monitored by measuring the time for each non-reception of the electrical
signal and calculating the period of time, that is, the frequency for the non-reception of the electrical
signal. The above-mentioned method operates via each channel, so the synchronization of four
vibration phase offsets is possible. If the revolution speed of internal ball is extremely-stable, it
should be possible to offset the synchronization from a single optical-fiber sensor to achieve any
desired phase offset (by using delay time). But actually, since revolution speed of internal-ball is
slightly fluctuated, the four vibration phase offset by using 4ch optical-fiber sensors
(hardware-offset) is desirable. The compressed air introduced into the ball actuator is discharged
outside from the silencer (V). The silencer mitigates exhaust noise, but exhaust efficiency and
revolution speed falls. If humidity of the air was high, the mist separator could not remove as much
of the moisture as possible from air. As a result, the filter of silencer was clogged with moisture.
Then, the exhaust efficiency was getting worse and worse. Thus, we removed the silencer to make
the high exhaust efficiency. This MRI-compatible ball-actuator has low friction of moving parts. In
addition, heat generated due to moving parts is always reduced by an inflow of compressed air.

The centrifugal force of the ball-actuator can be calculated with the following equation:

F:Mxr'x[zﬁxNJ (1)

where F is centrifugal (vibration) force (k.g-m/sz), M is ball mass (kg), r is the rolling radius of the
internal ball (m), and N is revolutions per minute (rpm). In theory, if the revolution speed of the
internal ball (vibration frequency) rises, centrifugal (vibration) force will rise. This is the outstanding
feature of the ball-actuator, and it maintains adequate amount of displacement, even if changing
frequency vibrations. Centrifugal (vibration) force changes also with the weight and the diameters of
internal ball. The relationship between the centrifugal force and internal ball type was calculated
from the formula (1) and the result of calculation shows in Fig. 2. Each ball revolution is 6,000 rpm
(vibration frequency is 100Hz). If the diameter of the internal ball is small (rolling radius is
increased) and the ball is heavy, the centrifugal force will increase.

In theoretical formula, Eq.(1), the rotative speed (rpm) of internal ball can be easily controlled by
the air flow volume. But practically, as the air flow volumes increase, more compressed air is
entering the raceway ring chamber, and then the pressure of chamber is increase. As a result, in order
to achieve and maintain the high rpm (high vibration frequency), higher pressure compressed air is

necessary.

2.2 Ball-actuator system
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Fig. 3. illustrates the experimental setup. Compressed air generated at the compressor
(0.75LE-10.25 [0.75kW, 72/min], HITACH, Tokyo, Japan) (I) was controlled as flow volume by the
high-precision regulator (IR2020-02BG, SMC, Tokyo, Japan) (III), and introduced into the
ball-actuator. The mist separator (AWM?20-02GB, SMC, Tokyo, Japan) (II) removes moisture from
compressed air. The air flow volume was measured by a thermal mass flowmeter (TF-901S, TOKYO
KEISO, Tokyo, Japan) (IV). The rotational velocity of the internal ball (Fig. 1a II) was always
monitored by a selected optical-fiber (Fig. 1a IV) and an optical signal operating system (V). All of
the neighboring optical-fiber sensor positions are at right angles to each other. Exact vibration phase
offset (m/2 vibration phase offset) becomes possible with this structure. Commonly-used a MRE
actuator is triggered by the MRI sequence to synchronize the acquisition of the produced mechanical
vibration. In the proposed ball-actuator application this occurs in an exact opposite way: the
ball-actuator system is generating the synchronization pulse for the MRI scanner (Fig. 4b). To
measure the characteristics of the ball-actuator, its triaxial accelerations were measured by a tri-axis
XYZ accelerometer (KXMS52-1050, Kionix, NY, USA; Fig. 5a), its vibration displacement was
measured by a laser displacement sensor (LK-G35, KEYENCE, Tokyo, Japan; Fig. 5b), the air flow
volume was measured by a thermal mass flowmeter, while a self-made simultaneous measurement
system (LabVIEW, National Instruments, TX, USA) was used to record the displacement (or
acceleration) and air flow volume. The ball-actuator performance assessment experiments were

carried out outside the MRI magnet.

2.3 MRE experiments

All Magnetic Resonance imaging (MRI) data and MRE data were acquired on a 2.0-T animal
experiment MR scanner system (Biospec 20/30, BRUKER, Karlsruhe, Germany) with a B-GA20
Gradient System that had a maximum gradient strength of £100mT/m. The MR data acquisition,
image reconstruction and pulse sequence development were performed with the ParaVision 4.0
(BRUKER) software system. A 140-mm-ID birdcage coil tuned to 85 MHz for proton resonance was
used for all measurements. All elastograms were processed by Local Frequency Estimate (LFE)
algorithm freeware (MRE/Wave, MAYO CLINIC). Fig. 4a shows a self-modified spin echo (SE)
MRE sequence. This sequence combines motion-encoding gradients (MEG) with a spin echo
imaging module. In this sequence, the MEG was applied symmetrically around a refocusing (180
degree RF) pulse and the period of external vibration and the period of MEG were in agreement. The
SE-MRE sequence imaging parameters were a coronal or sagittal imaging plane, 12-cm field of view
(FOV), 256x128 acquisition matrix (256x256 image matrix), 400-ms TR (technically, because MRI
synchronizes with trigger from ball-actuator, TR becomes slightly longer than 400 ms; Fig. 4b), 26.4
or 29.3-ms TE, 5-mm slice thickness, 200 or 160Hz continuous vibration (12,000 or 9,600rpm of
ball-actuator), one pair of 5.00 or 6.25-ms motion-encoding gradients (MEG), MEG capable of
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being applied in any direction, and a 3-min 28-sec total acquisition time (four vibration phase
offsets). All experiments were performed on an agarose gel phantom. Two types of phantom were
prepared: one of the gel phantoms was made from 1.0% agarose (weight %) poured into a semi-rigid
plastic container and the other spherical inclusion of 30 mm diameter was made from 1.25% agarose
enclosed in the center, For both phantoms, using 3.0% agarose formed a hard crust on the surface for

protection.

3. Results
3.1 Ball-actuator performance assessment experiments

The frequency characteristics of ball-actuator with different internal balls were examined in a bench
test using a self-made simultaneous measurement system. Fig. 5 shows disposition of the experiment
devices. Arrowed lines of Fig. 5a indicate the tri-axis XYZ accelerometer coordinate system, and it
was loaded condition (impact absorption rubber mat). The displacements measured with the
ball-actuator were in a loaded condition (approximately agarose-gel 2.8kg; Fig.5b). Fig. 6a. shows
the change in vibration frequency (revolutions per minute: rpm / sixty-seconds) vs. flow volume rate
for the different internal balls. The air ball-actuator requires the inertial ramp time (the frequency of
vibration to become stable after the change of air flow volume). It takes five seconds before the
vibration frequency and displacement becoming steady state. Following the increase in air flow
volume, the vibration frequency was increased for every internal ball. Furthermore, the vibration
frequency was influenced by the relationship between the ball diameter and ball weight. A lower
density internal ball material produced a higher revolution speed and a vibration frequency increase.
Fig. 6b. shows tri-axis acceleration vs. change in vibration frequency (rpm / sixty-seconds). Because
the internal ball (5/16 PEEK) was rotate in accelerometer’s Y-Z plane, the Y-axis acceleration
denotes the same tendency of Z-axis. Since the Y-axis was slightly loaded condition compared with
Z-axis, the acceleration of Y-axis was slightly less than Z-axis. In theory, the ball-actuator has not
displacement (acceleration) for the X-axis direction. However, because the accessory of actuator
(fiber cables, air flow-in tube, and cables of accelerometer, for example) was vibrated, it induces the
vibration of the X-axis direction. Fig. 6¢. shows the change in measured displacement vs. vibration
frequency (rpm / sixty-seconds) for different internal balls. The increased displacement of the waves
at 35 and 70 Hz are presumably the result of intrinsic resonances of the device itself. When the
diameter of the internal ball was shorter (rolling radius is increased) and the ball was heavy, the
displacement increased. Even though the vibration frequency increased, the amount of displacement

was maintained at a certain value, except for sympathetic vibration.

3.2 MRE experiments

Since the air ball-actuator requires the inertial ramp time, in order to avoid the contamination of
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unsteady state vibration, the ball-actuator makes continuous vibration throughout the entire MRE
acquisition (one vibration phase offset). Furthermore, MRE acquisitions were started after
ball-actuator generated steady state vibration. In all MRE experiments, we chose 5/16 PEEK because
it was efficient for high rotative speed. Fig. 7 shows the uniform agarose gel phantom experimental
results obtained for coronal slice orientations. The comparison of wave images (0, n/2, w, 37/2)
reveals that the four time vibration phase offsets. The arrowed line indicates the direction of MEG.
All of the neighboring optical-fiber sensor positions are at right angles to each other. Because of this
sensor positions, when the vibration offset 0 (or n/2) of a wave image is compared with the vibration
offset  (or 37m/2), the pattern of share wave propagation in the agarose gel phantom is inverted. This
result shows that the MRI-compatible ball-actuator gives closely synchronized signals. Fig. 8.
compares the wave image of the imaging plane and the direction of MEG. These were wave images
of the uniform agarose gel phantom with 160Hz vibration frequency. The arrowed line indicates the
direction of MEG. In Fig. 8a, the shear waves propagate with an equally-spaced stripe pattern from
the top to the bottom of the phantom. By reorienting MEG (Fig. 8b), the wave pattern was  changed
as a speckled pattern. By MEG direction normal to the imaging plane (Fig. 8c), the wave pattern was
changed as a stripe-speckle mixed pattern. In sagittal images (Fig. 8d,e,f), even if changing the MEG,
these three shear waves propagation patterns look almost the same, compared with coronal wave
images variations. Fig. 8d was similar to an equally-spaced stripe pattern of Fig. 8a, their MEG
direction were same orientation. These results thought to be because the ball-actuator has complex
vibration (vibration resulting from centrifugal action), and the modes of the vibrations comprise a
parallel plane to centrifugal action and a perpendicular plane to centrifugal action. Since the
centrifugal force is directed along a vector between the center of rotation and the instantaneous
position of the ball, the direction of motion of the actuator will be in the same direction (orthogonal
to the ball’s instantaneous tangential motion vector). This should make the overall motion of the
actuator follow a circular path in the same plane as the motion of the ball. In sagittal images (Fig.
8d,e,f), since the imaging and the centrifugal action plane at right angle to each other, the
representative displacement of sagittal imaging plane has longitudinal direction. On the other hand,
in coronal images (Fig. 8a,b.c), since the imaging and the centrifugal action plane are same direction,
the displacement of coronal imaging plane has longitudinal and transverse directions. Therefore,
shear waves propagation pattern of coronal image could be easily changed by selecting a MEG
direction. Other considerations about, although agarose-gel allows for very good depiction of shear
waves, it has a low loss modulus. Thus, shear waves are not well attenuated at a distance of many
wavelengths from the vibration source. To a lesser or greater degree, there is no denying that this
results in wave interference patterns due to reflections off the phantom walls and bottom of the
container. Fig. 9 shows a comparison between uniform phantom images and inclusion phantom

images. These image planes and the MEG direction were coronal section images and the L-R MEG
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direction (same as in Fig.8a). The Elastogram of the uniform phantom shows nearly homogeneous
stiffness, except for the surface layer (3.0%). By comparing the magnitude image of the inclusion
phantom and the elastogram of the inclusion phantom, even though the magnitude image shows
nearly homogeneous image intensity, the elastogram is imaging the internal globular portion
(1.25%).

4. Discussion

The new MRI-compatible ball-actuator system allowed the generation of powerful vibrations that
maintained an adequate amount of displacement with high frequency vibrations. It is known that as
the frequency of vibration increases, the wavelength decreases and the MRE resolution increases,
while the depth of penetration of the wave decreases due to the increase in attenuation [20]. The
ball-actuator system was developed to achieve coexistence of high frequency and large displacement.
That said, we believe that the cause of actuator's displacement has been a confluence of various
factors, including contact pressure between load (imaging object) and actuator, and so it is difficult
to explain simplistically. These other "various factors" include, weight of load, viscosity of a load,
volume of a load. Thus, the theoretical formula of air ball-actuator displacement can be quite
complex. To reducing complexity, we debated only to the main points of the centrifugal force.

Over the years, several MRE vibration devices have been developed, each with their own
characteristics. Electromechanical [1,20,21], piezoelectric [13], and remote-pneumatic [11,14,15]
actuators were commonly used. In clinical application, remote-pneumatic actuators are becoming the
mainstream MRE vibration device. There have been few reports on the clinical application of
electromechanical and piezoelectric vibration processes. Electromechanical actuators exploit the
interaction between the static magnetic field By and an annular coil supplied with alternating currents.
Electromagnetically-induced periodic tilt force is transformed for mechanical actuation using a
pivoted rod. The mechanical structure of an electromechanical actuator precludes installing an
actuator in an arbitrary place of a human body. On the other hand, remote-pneumatic actuators, a
widely used method of creating the required vibrations for MRE. Commonly-used a big
stethoscope-like driver can be easily manipulated, and the portion of the driver system actually in the
vicinity of the patient is made out of non-magnetic materials that do not produce MR image artifacts
[4]. Installation of a driver for the human body is easier for a remote-pneumatic actuator than an
electromechanical actuator. As far as the low acoustic frequency range goes, output displacement of
a remote-pneumatic actuator is larger than a piezoelectric actuator. For the reasons listed above,
remote-pneumatic actuators are viable in clinical application. Having said that, remote-pneumatic
actuators have a few drawbacks. The vibration source of a remote-pneumatic actuator, an acoustic
speaker, has to be separated from the MRI magnet, so it needs a long connecting tube. A loss of

energy-transfer arises because a remote-pneumatic actuator requires a safe distance between an
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acoustic speaker and a big stethoscope-like driver using a long connecting tube. If properly designed
the pneumatic pressure source (acoustic speaker) can be located within a few meters of the MR
magnet, it reduce the loss of energy-transfer. In another drawback, if the vibration frequency
increases (150Hz or more), the output of a remote-pneumatic actuator makes it difficult to obtain an
adequate amount of wave penetration displacements for in vivo application. A remote-pneumatic
actuator 1s restricted in a method for low vibration frequency MRE.

The results obtained from the ball-actuator performance assessment experiments indicate that even
though the vibration frequency increases, the ball-actuator can maintain an adequate amount of
displacement. In addition, because moving parts of ball-actuator is always cooled by an inflow
compressed air, the ball-actuator does not generate heat. However, the ball-actuator does need a
powerful compressor to achieve high frequency vibration (250Hz or more). The discharge rate of
compressor for this experiment was 721/min and a compressor had one storage tank (301). Under
these components, this compressor (0.75kW, 721/min) was unable to accept the discharge rate of
over 100/min. Therefore, high frequency vibration (250Hz or more) was difficult by using a
low-power compressor. In order to attain high frequency vibration, high-power compressor (2.0kW
or more) with the discharge rate of 200 or more I/min is required. Although having said that, in this
experiment, by contrast, was aimed at testing technology that will allow the ball-actuator to make an
elastogram,

From the results of phantom MRE experiments, the ball-actuator produces shear waves, which can
be used to generate 200Hz vibration frequency MRE. The ball-actuator design avoids the use of any
materials that could disturb the homogeneous field of the MRI magnet. Furthermore, the
ball-actuator can be installed to the imaging object in a direct way and generates powerful vibrations
at that area. Because the vibration source of a ball-actuator and the vibration transmission parts are
the same, loss of energy-transfer is very limited in the ball-actuator. In an agarose gel phantom with
stiff’ spherical inserts, the inserts could be identified in the calculated shear stiffness map. The
silencer mitigates ball-actuator exhaust noise, but exhaust efficiency and revolution speed falls. To
achieve high vibration frequency, it is realistic to avoid silencer and put earplugs instead. The
exhaust noise is attenuated by earplugs or non-magnetic ear muffs, as overall MRE loud noises
(include MRI scan noise) in MRI scan room.

Typically, in classical MRE experiments do not use continuous mechanical vibration of the subject,
and only a finite duration of vibration is send prior to each signal acquisition. However, since air
ball-actuator requires the inertial ramp time (whenever it restarts, the inertial ramp time is required
for air ball-actuator), the vibration which air ball-actuator makes becomes continuously. Recently,
some clinical studies exploit simultaneous multi-frequency vibration for mapping in vivo
viscoelastic properties of organs such as liver [22], in order to provide a more efficient data

acquisition for different frequencies. The ball-actuator which generates continuous mechanical

10
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vibration (it generates only one frequency component) does not allow for such multi-frequency
vibration MR elastography.

Most recently, there was a report of the prostate MRE by piezoceramic actuator excitation [23] or
remote-hydraulic actuator excitation [24]. This piezoceramic actuator was using coupled
mechanically to an endorectal RF receiver coil. When the unit of piezoceramic actuator is replaced
to ball-actuator, the size of entire vibration unit may become compact. The remote-hydraulic actuator,
on the other hand, it was using an electromagnetic actuator with a remote-hydraulic transmission
system. Since the ball-actuator can be vibrating directly to the object, if the vibration mechanical
part was replaced to ball-actuator; the energy loss of vibration transmission may be less than
remote-hydraulic actuator. However, in either case, the ball-actuator makes continuous vibration
throughout the entire MRE acquisition (one vibration phase offset). For clinical application of air
ball-actuator, in some parts of the human body, the user might want to give it some thought for the

continuous vibration.

5. Conclusion

We demonstrated MR Elastography in agarose gel phantom experiments by using a new
MRI-compatible MRE actuator. The MRI-compatible air ball-actuator is a new technique that
directly transmits centrifugal vibrations through a ball-actuator body. From the results of phantom
MRE experiments, the ball-actuator produces reasonable shear waves. In essence, the

MRI-compatible air ball-actuator system can be used to achieve a high vibration frequency.
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Figure legends
FIG. 1. Photographs of the ball-actuators. a: A picture of the main unit of the ball-actuator. [1]tube
connector, [2]internal ball, [3]raceway ring, [4]optical-fiber sensor, [S]silencer. b: Fixation to a

plastic phantom container. ¢; A schematic of the basic concepts of the ball-actuator.

FIG. 2. Calculated vibration force from each ball-weight and ball-diameter by ball type. Each ball
revolution is 6000 rpm (vibration frequency is 100Hz). 7/16: 7/16 inch diameter, 5/16: 5/16 inch
diameter, AC: alumina ceramic, PTFE: polytetrafluoroethylene, POM: polyoxymethylene, PEEK:

polyetheretherketone.

FIG. 3. Ball-actuator MRE system. Compressed air generated by a compressor is dehydrated by a
mist separator. The dehydrated air is controlled for flow volume by a high-precision regulator, and
introduced into the ball-actuator. A four-channel optical signal is generated by optical-fiber sensors.
Optical signals are converted by a signal converter to a transistor-transistor logic (TTL) signal.
Four-channel TTL signals are selected by the channel selector to a one-channel TTL signal. The
selected one-channel TTL signal is used to trigger an MRI signal. Selection of a TTL signal by using

the channel selector is synonymous with selection of the vibration phase offset.

FIG. 4. a: Self-modified spin echo MRE sequence. The MEG was applied symmetrically around a
refocusing pulse and can being applied in any gradient direction. The period of external vibration
and the period of MEG were in agreement. b: The ball-actuator system was generating the
synchronization pulse for the MRI scanner. When the acquisition of MRI is ready and waiting, the

trigger signal of ball-actuator becomes effective.
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FIG. 5. a: The triaxial accelerations of the ball-actuator were measured by a tri-axis XYZ
accelerometer. Arrowed lines indicate the accelerometer coordinate system, and it was loaded
condition (impact absorption rubber mat). b: The displacements measured with the ball-actuator
were in a loaded condition (approximately agarose-gel 2.8kg). It’s made from a 1.0% agarose gel

(weight %) was poured into a rigid acrylic container.

FIG. 6. Ball-actuator performance assessment experiments, a: Comparison of frequency (rpm /
sixty-seconds) of each internal ball. In all types of internal balls, the frequency increased with
increased air flow volume. b: Comparison of triaxial accelerations. The internal ball was 5/16 PEEK.
Because the internal ball was rotate in accelerometer’s Y-Z plane, the X-axis had a smaller amount
of acceleration, compared with Y- or Z-axis. c: Comparison of displacement for each internal ball.
Excluding the sympathetic vibration of the ball actuator (approx. 35Hz, 70Hz), the ball-actuator was

able to maintain a certain value of displacement.

FIG. 7. Shear wave images in homogenous agarose gel phantoms with different vibration frequencies
and different vibration phase offsets. At both vibration frequencies, when the vibration offset 0 (or
n/2) of the wave image is compared with the vibration offset © (or 3n/2), the pattern of the shear

wave propagation in the agarose phantom is inverted. Arrowed line indicates the direction of MEG.

FIG. 8. Comparison of the homogenous agarose gel phantom wave image of the imaging plane and
the direction of MEG. Vibration frequency was 160Hz. a,b,c: Coronal section images. d,e,f: Sagittal

section images. Arrowed line indicates the direction of MEG.

FIG. 9. Comparison of uniform phantom images and inclusion phantom images. A uniform phantom
made from a 1.0% agarose gel (weight %) was poured into a semi-rigid plastic container. An
inclusion phantom spherical stiff inclusion (1.25% agarose gel) of 30mm diameter was enclosed in

the center. A stiff incursion could be identified in the inclusion phantom elastogram.
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Table

Ball Rolling . )
. ) . . Specific  Weight
Abbreviation Material diameter radius ]
. weight [2]
[inch] [mm]
5/16 PEEK Polyether ether ketone 5/16 14.3 1.32 0.35
5/16 POM Polyxymethylene 5/16 14.3 1.42 0.37
5/16 PTFE Polytetrafluoroethylene 5/16 14.3 2.20 0.58
5/16 AC Alumina ceramic 5/16 14.3 3.60 0.94
7/16 POM Polyxymethylene 7/16 12.5 1.42 1.02
7/16 PTFE Polytetrafluoroethylene 7/16 12.5 2.20 1.58
7/16 AC Alumina ceramic 7/16 125 3.60 2.59

Table 1
Weight of the internal ball using the ball-vibrator and the corresponding diameter sizes. If the

diameter of the internal ball is increased, the rolling radius of the internal ball decreases.
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