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A B S T R A C T

Motion sensitive MR imaging techniques allow for the non-invasive evaluation of biological tissues by
using different excitation schemes, including physiological/intrinsic motions caused by cardiac pulsation or
respiration, and vibrations caused by an external actuator. The mechanical biomarkers extracted through these
imaging techniques have been shown to hold diagnostic value for various neurological disorders and conditions.
Amplified MRI (aMRI), a cardiac gated imaging technique, can help track and quantify low frequency intrinsic
motion of the brain. As for high frequency actuation, the mechanical response of brain tissue can be measured
by applying external high frequency actuation in combination with a motion sensitive MR imaging sequence
called Magnetic Resonance Elastography (MRE). Due to the frequency-dependent behavior of brain mechanics,
there is a need to develop brain phantom models that can mimic the broadband mechanical response of the
brain in order to validate motion-sensitive MR imaging techniques. Here, we have designed a novel phantom
test setup that enables both the low and high frequency responses of a brain-mimicking phantom to be
captured, allowing for both aMRI and MRE imaging techniques to be applied on the same phantom model.
This setup combines two different vibration sources: a pneumatic actuator, for low frequency/intrinsic motion
(1 Hz) for use in aMRI, and a piezoelectric actuator for high frequency actuation (30–60 Hz) for use in MRE.
Our results show that in MRE experiments performed from 30 Hz through 60 Hz, propagating shear waves
attenuate faster at higher driving frequencies, consistent with results in the literature. Furthermore, actuator
coupling has a substantial effect on wave amplitude, with weaker coupling causing lower amplitude wave
field images, specifically shown in the top-surface shear loading configuration. For intrinsic actuation, our
results indicate that aMRI linearly amplifies motion up to at least an amplification factor of 9 for instances
of both visible and sub-voxel motion, validated by varying power levels of pneumatic actuation (40%–80%
power) under MR, and through video analysis outside the MRI scanner room. While this investigation used a
homogeneous brain-mimicking phantom, our setup can be used to study the mechanics of non-homogeneous
phantom configurations with bio-interfaces in the future.
1. Introduction

In the past two decades, mechanical characterization of soft tissues
non-invasively has become increasingly widespread thanks to the emer-
gence of Magnetic Resonance Elastography (MRE) (Muthupillai et al.,
1995). In MRE, an external mechanical vibration source is driven in
sync with the MRI machine by utilizing motion encoding gradients
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(MEGs) (Hirsch et al., 2017; Tse et al., 2009). An inversion algorithm
is then used to calculate stiffness maps (elastograms) of the material of
interest using the resulting wave field information, captured at equally-
spaced time offset points (Kolipaka et al., 2009; Papazoglou et al.,
2008).
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MRE has been utilized as a diagnostic tool to measure the stiffness
of the brain (Sack et al., 2009) to relate stiffness variations to dis-
eases, such as multiple sclerosis (Wuerfel et al., 2010) and Alzheimer’s
disease (Murphy et al., 2011), to detect abnormalities such as menin-
gioma brain tumors (Murphy et al., 2013; Chartrain et al., 2019), to
capture pathological changes observed as in normal pressure hydro-
cephalus (Streitberger et al., 2011), or to study post-mortem changes
in the brain tissue (Weickenmeier et al., 2018a). However, during MRE
imaging of the brain, the cushioning caused by the skull, meninges, and
cerebrospinal fluid (CSF) is a great stumbling block in capturing proper
wave field images because these structures cause wave scattering and
attenuation (Papazoglou et al., 2009). Recently, an alternative means of
probing the mechanics of the brain has emerged with the realization of
cardiac-induced physiological vibrations. The physiological vibrations
inside the brain caused by cardiac-induced pulsatility features cerebral
peduncle as the main vibration source, as opposed to the periphery of
the skull as in the case of MRE. This motivated the possibility of elastog-
raphy imaging at low frequency actuation to be investigated (Soellinger
et al., 2009; Wagshul et al., 2011; Hirsch et al., 2013; Zorgani et al.,
2015; Weaver et al., 2012; McGarry et al., 2015). Furthermore, it
was realized that through phase-based video magnification, the motion
caused by the physiological vibrations inside the brain can be detected
without the need of an external vibration source, such as that used in
MRE. In other words, lower harmonics, close to heartbeat frequency
(∼1 Hz), were able to be captured via amplified MRI (aMRI) by utilizing
the aforementioned phase-based video magnification technique (Terem
et al., 2018; Holdsworth et al., 2016; Abderezaei et al., 2021; Terem
et al., 2021). This technique has the promise, for instance, to detect ab-
normal intracranial pressure and CSF flow related changes in conditions
such as Chiari malformation I (Terem et al., 2018).

Recently, there has been an increasing interest in studying the low
versus high frequency performance of MRE through phantom experi-
ments (Gordon-Wylie et al., 2018; Solamen, 2019; Solamen et al., 2019;
McGarry et al., 2019). This is needed since soft tissues are viscoelastic
materials, and exhibit frequency-dependent mechanical behavior under
harmonic loading. In this study, we mimic the cardiac-induced mo-
tion through inflating & deflating a flexible membrane and visualize
this motion by performing aMRI. Furthermore, on the same phantom
setup, we aim to investigate the effect of external vibration source
positioning and its coupling with the tissue-mimicking phantom via
MRE. The motivation in our study is to compare the aforementioned
motion-sensitive MR imaging techniques, since they consider different
frequency spectra for the biomechanical response of the brain tissue.
Therefore, we designed a novel phantom test setup to enable both
the low and high frequency actuation of the same brain-mimicking
phantom to be captured via aMRI and MRE, respectively.

This is the first reported phantom study comparing aMRI and MRE
across a range of frequencies to demonstrate the importance and value
of combining these imaging methods. The combined knowledge of spe-
cific motion patterns in the brain under these two different frequency
spectra can be useful for a variety of conditions, including brain tumors,
Chiari Malformation I, and hydrocephalus by enabling a broadband me-
chanical characterization of the brain. For instance, the two important
determinants for complete resection of brain tumors include degree
of firmness/consistency and adhesiveness to the surrounding healthy
brain tissue (Yin et al., 2017). With MRE, brain tumor consistency
at fixed frequencies can be measured (Murphy et al., 2013; Hughes
et al., 2015; Reiss-Zimmermann et al., 2015), while with aMRI, surface
adhesion can potentially be quantified. In addition, for diseases such
as hydrocephalus and Chiari malformation I, studying low and high
frequency mechanical behavior of the brain through these two imaging
modalities could be beneficial in identifying both the pathological and
physiological changes that occur in these diseases (Buell et al., 2015;
McAllister II, 2012).
2

Fig. 1. Phantom test setup configuration with (a) rod extension causing harmonic
loading through compression, (b) rod extension generating harmonic loading via shear
force applied on the top surface, (c) rod extension creating harmonic loading along
mid-plane via shear loading. (d) Manufactured test setup. The blue arrows indicate air
flow for pneumatic driven motion during aMRI, and red arrows indicate rod extension
motion direction during MRE.

2. Methods and materials

2.1. Phantom holder and actuator configurations

The phantom setup dimensions are chosen based on the MR head
coil size in order to have a phantom with a volume similar to the human
brain. A 15.20 × 15.20 cm2 square base piece with a 3.80 × 3.80 cm2

square cavity in the center (depth of 0.76 cm), and four outer side
pieces (length 13.97 cm and height 10.16 cm), were cut from a 1.27 cm
thick clear acrylic sheet (the orange components in Fig. 1(a–c)). The
square cavity was covered with a flexible membrane to be used as
the source of low frequency actuation when air is pumped into it. To
allow air flow, one inlet and one outlet hole, each having a diameter
of 0.30 cm with a distance of 1.90 cm in between, were drilled
through one side of the base piece into the square cavity at the center
(placement denoted by the blue ‘‘air flow’’ arrows in Fig. 1(a–c)). Plastic
tubing was glued to the inlet and outlet holes to serve as air passages.
Four pieces of 0.32 cm thick plexiglass sheet with a height of 10.41 cm
and length of 9.84 cm were cut to be used as the inner walls of the setup
(the purple components in Fig. 1(a–c)). These inner walls were then
fixed in 0.25 cm deep slits on the base piece. For the positioning of the
piezo actuator (APA150M, Cedrat Technologies), three pieces having a
surface area of (length × height) 5.08 × 11.18 cm2, 5.08 × 5.08 cm2,
and 5.08 × 3.17 cm2 were cut from 1.27 cm thick clear acrylic sheet and
were attached to one of the outer walls as shown in Fig. 1 (the light
gray/translucent components in Fig. 1(a–c)). The piezo actuator was
attached to one of two positions, the first position shown in Fig. 1(a, c)
and the second shown in Fig. 1(b). The spaces between inner and outer
walls were filled with foam to isolate vibration transmission during



Journal of the Mechanical Behavior of Biomedical Materials 122 (2021) 104680E. Ozkaya et al.
Fig. 2. Schematic of the MR phantom test setup with MRE control setup unit
generating TTL trigger signal through the MRI control PC to drive a piezo electric
actuator, and CINE control setup delivering TTL trigger signal from a microcontroller
to trigger image acquisition. While the latter TTL signal is fed into the MRI scanner
through a shielded BNC cable connection, the former is fed into the function generator
through the external trigger input port. The MRE and CINE imaging are not performed
simultaneously.

MRE imaging. Furthermore, the outer walls were fixed to the square
base with double-sided tape to attenuate unwanted vibration delivery
from the plexiglass sheets to the tissue-mimicking phantom. By taking
these precautions, the 3D printed rod extensions attached to the piezo
actuator as shown in three different configurations (Fig. 1(a–c)) became
the only source of mechanical wave delivery. Each of the rod extensions
had a 16.00 cm2 flat square surface with a 0.32 cm thickness.

To inflate the flexible membrane, air was supplied to the phantom
holder by two 12 V air pumps, each having a maximum operation
pressure of 50 kPa. The air pumps were driven to inflate the flexible
membrane at varying power levels, described here as the percentage
of the maximum input voltage used to drive the pumps (e.g. 60%
power is an input voltage of 60% of the maximum input voltage for
the air pumps). Since CINE imaging is heartbeat-gated, in our setup,
we needed to artificially replicate a heartbeat signal to establish gating
between air pumping and CINE imaging period. A TTL pulse train of 5 V
amplitude with a 50% duty cycle during 1 s, was sent to the MR scanner
from the micro-controller (Fig. 2). For MRE imaging, the TTL trigger
generated from the MRI control PC was fed into a function generator
that controlled the driving frequency of the piezo actuator. The piezo
actuator was able to generate maximum of 187 μm displacement during
no-loading condition within the 0–200 Hz range.

Since gelatin type materials such as Knox, agar, and agarose are
commonly used as a brain tissue surrogate for imaging method val-
idation (Stewart et al., 2017), we chose Knox gelatin for phantom
preparation. During each experiment, 49 ml Knox gelatin was dissolved
in 700 ml water and then stirred for 2 min. The mixture was then
heated in the microwave for 80 s. Afterwards, the mixture was poured
into the phantom holder, using a mesh strainer to remove any small
residues. This was followed by degassing the phantom test setup to
remove any air bubbles trapped inside the gelatin phantom medium.

2.2. Imaging protocol

While performing MRE imaging, the MRE sequence provided TTL
triggering to drive the piezo actuator in sync with the motion encoding
3

Fig. 3. Timing diagram of the imaging sequences for (a) MRE and (b) CINE scans. 𝜃
is the phase offset between the trigger pulse train and the Motion Encoding Gradients.
Legends shown in CINE timing diagram are the air pump power levels.

gradients (Fig. 3(a)). MRE data was then acquired for 24 slices with
3D motion encoding gradients using an echo planar spin echo 2D pulse
sequence (Chaze et al., 2019) in the coronal and axial planes with
the following imaging parameters: acquisition matrix = 96 × 96, flip
angle = 90, FOV = 240 mm, 8 phase offsets, slice thickness = 2.5 mm,
gradient amplitude = 40 mT/m, mechanical vibration frequencies of
30 to 60 Hz (5 Hz increment), and additional frequency-dependent
imaging parameters for MRE imaging, such as the Echo Time (TE) and
Repetition Time (TR), are listed in Table 1. The fixed-free maximum
mechanical vibration amplitude is 187 μm, and we estimate the loaded
amplitude to be approximately 100 μm in 30–60 Hz cases. For CINE
imaging, the TTL triggering was provided to the scanner through the
microcontroller while the air pump was driven with the same duty
cycle as the TTL triggering signal (Fig. 3(b)). Five different power levels
ranging from 30% to 80% (in 10% increments) were used during CINE
imaging. In other words, outlet pressure of the air pumps connected
in series is varied from 15 kPa up to 40 kPa in 5 kPa increments. The
parameters for CINE imaging were as follows: TE = 1.3 ms, TR = 3.3 ms,
flip angle = 42, acquisition matrix = 256 × 256, and 88 synthetic car-
diac phases per-RR interval, resulting in a 10 ms temporal resolution.
All the experiments are performed inside of a 3-Tesla Siemens Skyra



Journal of the Mechanical Behavior of Biomedical Materials 122 (2021) 104680E. Ozkaya et al.
Fig. 4. Displacement fields captured during MRE imaging for (a–c) 30 Hz, (d–f) 35 Hz, (g–i) 40 Hz, (j–l) 45 Hz, (m–o) 50 Hz, (p–r) 55 Hz, and (s–u) 60 Hz driving frequencies.
First row shows shear waves propagating under mid-surface shear loading parallel to the base while second and third rows depict the shear waves propagating during compression
and top-surface shear loading respectively parallel to the front surface.
Table 1
MRE Scanning Parameters.
Frequency (Hz) TR (ms) TE (ms)

30 4803.8 113.0
35 4124.2 101.0
40 3605.8 92.0
45 3736.3 85.0
50 3840.0 80.0
55 3502.1 75.0
60 3210.2 71.0

scanner with a 32-channel head coil (Siemens Healthineers; Erlangen,
Germany).

2.3. Displacement fields acquired via mre and amri

To acquire the displacement fields from MRE and aMRI experi-
ments, two different methods were implemented. Spatial mapping of
displacement patterns under external harmonic loading is performed
using MRE, which is a phase-contrast MRI technique. In MRE, in-
duced phase shift in the NMR signal due to external mechanical load-
ing at location 𝑟 at a given frequency within a medium is given by
Eq. (1) (Manduca et al., 2001).

𝜙(𝑟⃗, 𝜃) =
2𝛾𝑁𝑇 (⃖⃖⃖⃖⃗𝐺0 ⋅ ⃖⃖⃗𝜁0)

𝜋
cos( ⃖⃗𝑘 ⋅ 𝑟⃗ + 𝜃) (1)

𝑟⃗ is the position vector, 𝛾 is the gyromagnetic ratio, 𝑁 is the gradient
pairs, 𝑇 is the period of the motion encoding gradient (MEG), ⃖⃖⃖⃖⃗𝐺0 is the
amplitude of MEG, ⃖⃗𝑘 is the wave number, and 𝜁0 is the peak amplitude
of motion. MEGs convolve over the cyclic motion components of the
location 𝑟 along each orthogonal direction. 𝜃, which is the phase offset
between the MEGs and the external mechanical loading, is varied
gradually throughout the whole period of the cyclic motion. This allows
propagating wave fields to be captured at different time points within
a single cyclic motion period.

For aMRI, a video of the unamplified motion is created through the
captured CINE images to observe the motion caused by cyclic pressure
loading. Later, the video was amplified using an octave pyramid shaped
phase-based amplification algorithm with a sampling rate of 88 Hz due
to 88 time captures per scan with a bandpass filter having a lower
cutoff frequency of 0.5 Hz and a higher cutoff frequency of 2 Hz, and
4

an amplification factor of either 1, 3, 5, 6, 7, or 9. To acquire the
displacement maps of the aMRI results, a non-parametric diffeomorphic
image registration based on the Thirion’s Demons algorithm was imple-
mented (Vercauteren et al., 2007). Here, the first snapshot from aMRI,
referred to as the reference image frame, was used as a fixed image and
the images at other time points were referred to as moving images. The
Demons algorithm performed an optimization procedure between the
fixed and moving images, in order to find the optimal displacement of
each pixel such that the moving images were aligned with respect to
the reference image (Vercauteren et al., 2007). The Demons algorithm
used the gradient information from the fixed image to determine the
force of the demons needed to warp the moving image (Wang et al.,
2005; Cachier et al., 2003; Haber and Modersitzki, 2004). Therefore,
the standard deviation for each pixel in the image compared to the first
frame of the video was calculated. Terem et al. (2018). Furthermore,
with a linear potentiometer that has a maximum stroke of 11 mm, the
displacement of the membrane under 40%, 60%, 80%, and 100% air
pump power levels were recorded as 4.24, 4.75, 4.86, and 5.25 mm
respectively.

3. Results

3.1. Displacement fields acquired via mre

During MRE imaging, wave propagation fields were captured under
mid-surface shear, top-surface shear and compression loading. The
Gaussian filtered (𝜎=2) shear wave fields for the mid-surface loading
configuration were visualized in the 4th phase offset and 45.0 mm
from the top of the phantom surface. Similarly, the Gaussian filtered
(𝜎=2) shear wave fields for the compression loading configuration were
visualized in the 1st phase offset and 41.9 mm from the front the
phantom, and in its 4th phase offset and 18.3 mm from the front of
the phantom for the top-surface loading configuration.

For the mid-surface, compression, and top-surface loading condi-
tions, the absolute maximum amplitudes were 4.0 μm, 3.6 μm, and
0.55 μm, respectively. These maximum amplitudes were used to set
the scales for the visualization of the shear waves for each loading
configuration (Fig. 4). The amplitudes of the shear wave produced by
the top surface shear loading were lower than those produced by the
other two loading conditions, indicating weaker coupling between the
phantom surface and the actuator than the other two configurations.
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Fig. 5. Acquired exponential decay rate for phase offsets 4 through 8 under mid-
surface shear loading at 60 Hz driving frequency. The image in the upper right shows
the 2D wave field data of the 4th phase offset where the red line indicates where
data points were acquired for the 1D wave profile. The line plot shows the average
exponential decay rate for the cropped 1D wave profile for phase offsets 4 through 8
using the fit function 𝐴.𝑒−𝛼𝑥. The blue line is the average decay profile and the shaded
area indicates standard deviation.

By using the fit function 𝐴.𝑒−𝛼𝑥 for the wave field data collected
along the red line at 8 different phase offsets (see Fig. 5), mean
and standard deviation of the exponential decay rate is acquired (Yin
et al., 2008). This procedure is performed only for the mid-surface
shear loading configuration because of the coupling between the brain-
mimicking phantom and the 3D printed rod extension tip being stronger
than the other two. For 30 Hz harmonic loading, while the average
decay rate for phase offsets 4 through 8 was 11.4 ± 4.1 m−1 for 60 Hz
harmonic loading it increased to 74.1 ± 47.6 m−1.

3.2. Displacement fields acquired via amri

The results of the previously described phase-based amplification
and subsequent non-parametric diffeomorphic image registration anal-
ysis are visualized as both a video and a snapshot (Vid. 1, supple-
mentary material), at the time point with maximum deformation of
the base membrane (Fig. 6) to detect harmonic displacements. As the
amplification factor increased, so did the magnitude of the motion
in the image, specifically near the bottom of the image close to the
source of the actuation caused by the flexible membrane motion. At
the 80% power level, there was a 64.8% increase in the absolute
maximum displacement amplitude over time when amplifying by a
factor of 6. At the 60% and 40% power levels, these absolute maximums
increased by 83% and 94%, respectively. These absolute maximum
values are all found near the bottom of the phantom, close to the
actuating membrane. By looking at the plot of the absolute maximum
displacement over all time points for each pixel in the slice, the motion
caused by the base membrane travels farther up the phantom at higher
power levels, indicating larger wave propagation as base membrane
moves with greater air pressure, also visualized in the aMRI maximum
membrane amplitude time slices (Fig. 6). These displacement fields
qualitatively approximate the displacement patterns observed in the
piston-like intrinsic motion of the human brain (Terem et al., 2018)

However, it is observed that there is a lower limit of motion that
can be captured for amplification to generate a displacement map with
a motion signal higher than the noise itself (Fig. 6). Motion analysis
5

at 30% power levels were omitted due to a lack of amplification of
significant base membrane motion. The motion analysis at 40% power
shows minimal amplified base membrane motion, but amplification of
movement by the membrane is still observed due to motion by the left
portion of the base membrane (Fig. 6(g–i)). This distinction between
noise and base membrane motion is also supported by the previously
mentioned plots of maximum displacement over all time points, where
the maximum displacement values are concentrated at the left side
of the phantom at 40% power, but there is no such concentration of
maximum displacement values near the base membrane at 30% power.

To evaluate the linearity of the amplification process for the MRI
measurements used in this investigation, the absolute maximum dis-
placement value for representative power levels of 40%, 60%, and 80%
at amplification factors of 1, 3, 5, 7, and 9 were calculated (Fig. 7) and a
linear regression analysis was performed per power level. The resulting
R-squared values (40%: 0.96, 60%: 0.98, 80%: 0.95) indicate a strong
positive linear correlation between absolute maximum displacement
and amplification factor for all representative power levels. These
results indicate that our brain-mimicking phantom could be used for
up to an amplification factor of 9 at the tested actuation levels without
introducing artifacts.

To verify the displacement performance of the system and the lin-
earity of the amplification process for the amplification factors used in
this investigation, the phantom test setup was rotated 90 degrees from
its shown configuration in Fig. 1 and was filled half-way with the same
Knox gelatin mixture described previously such that half the membrane
was covered. A temporary ‘‘tattoo’’ grid of 0.5 cm x 0.5 cm was drawn
onto the surface of the phantom perpendicular to the membrane, and a
slow motion video (240 frames per second) was taken of the membrane
and phantom movement at representative power levels of 40%, 60%,
and 80%. These videos were then masked to the location of the red
rectangle (region of interest) shown on the top left phantom image
of Fig. 6 amplified using representative amplification levels of 0, 3,
and 6 as shown on the right portion of Fig. 6. These amplified videos
(Vid. 2, supplementary material) were manually motion-tracked in
ImageJ using three cross-hair locations closest to the membrane on the
phantom’s grid pattern to determine the maximum amplitude at each
characteristic power level and amplification factor. A linear regression
analysis was then performed at each power level to compare real-life
measurements to those captured under MR, as well as to verify the lin-
earity of amplifying real-life slow-motion video (Fig. 7). The resulting
R-squared values (40%: 0.99, 60%: 0.99, 80%: 0.98) indicate a strong
positive linear correlation between absolute maximum displacement
and amplification factor for all representative power levels in slow
motion video as well, matching our MRI results. Performing three
paired t-tests (one for each of the power-level matched data sets), no
significant differences were found between displacement measurements
performed under MRI and displacement measurements performed on
slow-motion video (p > 0.40). This lack of difference in displacement
measurements over multiple amplification factors and across the rep-
resentative power levels can also be seen in Fig. 7. These displacement
measurements combined with linear potentiometer measurements of
the membrane motion, however, do indicate that air-pump output is
not linear proportional to voltage input, which was the metric used to
determine ‘‘percentage power level’’.

4. Discussion

In the past decade, significant interest has been shown in under-
standing the mechanical properties of the brain tissue (Miller et al.,
2000; Finan et al., 2017; Shafiee et al., 2016). With MRE being known
as virtual palpation, it became possible to obtain the mechanical prop-
erties of brain tissue in a non-invasive manner (Hiscox et al., 2016;
Xu et al., 2007; Braun et al., 2014; Weickenmeier et al., 2018b; Kruse
et al., 2008; Sack et al., 2009; Lv et al., 2020). However, the brain being
encased inside the skull presents challenges during imaging, specifically
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Fig. 6. Amplified MRI (aMRI) displacement plots, shown in units of millimeters, captured at the time point with maximum deformation for vertical mid-slice during 80% air
pump voltage, 60% voltage, and 40% voltage with amplification factors of 6, 3, and 0 (as labeled). This was captured both using MRI (left) and using slow motion video for
validation (right). The red box in the upper left MRI-based displacement image indicates the region of interest, which is also the area in which the slow motion video frames are
extracted for analysis.
Fig. 7. Linear regression showing amplification factor versus absolute maximum
displacement amplitude trend for MRI and video measurements for 40% (green
solid), 60% (red solid), and 80% (blue solid) air pump power levels (percentage of
maximum voltage applied to air pumps) in MR acquisition and for 40% (green dotted),
60% (red dotted), and 80% (blue dotted) air pump power levels in slow-motion video
acquisition. R-squared values for linear regressions are 0.96, 0.98, 0.95, 0.99, 0.99,
and 0.98 respectively. No significant differences were found between 80% MR and 80%
video, 60% MR and 60% video, or 40% MR and 40% video displacement measurements
using paired t-tests (p > 0.4).

while imaging the deep white matter regions of the brain (Clayton
et al., 2012).

As a complementary technique, the motion caused by cardiac-
induced movement at the brainstem can be utilized as an intrinsic
vibration source during each heartbeat without the need for an external
mechanical driver (Holdsworth et al., 2016; Terem et al., 2018; Ab-
derezaei et al., 2020). With this study, through MRI and slow-motion
video experiments on a novel phantom test setup, we showed that both
of these non-invasive in vivo mechanical imaging techniques can be
complementary and merged to enhance the understanding of human
brain biomechanics. Furthermore, we evaluated the performance of
both these techniques on a homogeneous brain-mimicking phantom
and determined the feasibility limits of the imaging sequences in terms
of capturing the induced wave fields.
6

As anticipated, during MRE imaging under higher frequency load-
ing, more wave attenuation is observed than at lower frequency loading
(Fig. 4). Furthermore, differences in mechanical driver surface coupling
with the tissue-mimicking phantom caused changes in the amplitude
of the displacement fields captured. For mid-surface shear loading,
because the 3D printed rod extension was dipped inside the phantom
volume, the delivery of the shear waves were more apparent. In ad-
dition, for the mid-surface shear and compression loading scenarios,
the maximum displacement amplitude was higher then the top surface
shear loading configuration. We suspect that this might be due to the
extra resistive force caused by the weight of the L-shaped rod extension
tip, or weaker coupling between the actuation surface and the phantom.
In the other two configurations, the dead weight of the rod extensions
were not impeding the generated motion by the piezo-actuator. Finally,
the ability to determine which portion of the base membrane moves the
most due to amplification via aMRI means that this technique can likely
be used to determine the low-frequency movement properties of spe-
cific regions of the brain. By knowing the strengths and shortcomings
of both these mechanical imaging techniques, a more comprehensive
diagnosis can be performed using the low and high frequency response
of the human brain under harmonic loading.

Our phantom setup paves the way for the understanding of broad-
band brain biomechanics by enabling different actuation modalities
simultaneously. As a viscoelastic biomaterial with intricate geometrical
details, the mechanics of the human brain has been used in different
clinical conditions to aid diagnosis, prognosis and interventions. The
combined framework of aMRI and MRE together can be used in cases
where there are prominent changes in both the physiological flow
dynamics and pathology of the brain, such as in brain tumors (Murphy
et al., 2013; Hughes et al., 2015), Chiari I Malformation (Holdsworth
et al., 2016; Terem et al., 2018), and abnormalities in the brain ar-
teries (Abderezaei et al., 2020). In addition, both techniques could aid
the diagnosis of the stage of hydrocephalus without damaging the bony
cranium by using a cerebral shunt. Since tissue-mimicking phantoms
provide full control on the material properties and geometry, more
complex phantoms can be created to incorporate the other complex
elements in the brain. For instance, the efficacy of both imaging tech-
niques can further be investigated by preparing phantoms having tumor
like inclusions with varying stiffness values (Gordon-Wylie et al., 2018;
McGarry et al., 2019; Solamen, 2019; Solamen et al., 2019).

5. Conclusion

In this work, we developed a novel tissue-mimicking phantom test
setup that can be used with both aMRI and MRE imaging meth-
ods. During aMRI, air pump power levels were varied while in MRE,
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external harmonic loading frequency and mechanical loading source
configuration were varied to capture a wide range of displacement
amplitudes and characteristics. For different loading conditions in MRE,
we observed a substantial change in the measured displacement fields,
with the mid-surface loading condition producing the highest signal-to-
noise ratio and displacement amplitudes. Concurrently, we determined
the feasibility limits of our amplification algorithm for aMRI at different
air pump actuation levels and found that the relationship between
the amplification levels and measured displacements stay linear up
to an amplification factor of 9, which was also validated through
slow-motion video experiments outside the MRI scanner room. Our
brain-mimicking phantom setup paves the way for a broadband charac-
terization and validation of the human brain biomechanics by enabling
different actuation modalities simultaneously.
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