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Abstract

The aims of this study were to validate stiffness estimates of a phantom undergoing cyclic
deformation obtained using a multi-phase magnetic resonance elastography (MRE) imaging
sequence by comparison with those obtained using a single-phase MRE sequence and to quantify
the stability of the multi-phase-derived stiffness estimates as a function of deformation frequency
and imaging parameters. A spherical rubber-shell of 10 cm diameter and 1 cm thickness was
connected to a computerized flow pump to produce cyclic pressure variations within the phantom.
The phantom was imaged at cyclic pressures between 18—72 bpm using single-phase and multi-
phase MRE acquisitions. The shear stiffness of the phantom was resolved using a spherical-shell
wave inversion algorithm. Shear stiffness was averaged over the slice of interest and plotted
against pressure within the phantom. A linear correlation was observed between stiffness and
pressure. Good correlation (R2=0.98) was observed between the stiffness estimates obtained using
the standard single-phase and the multi-phase pulse sequences. Stiffness estimates obtained using
multi-phase MRE were stable when the fraction of the deformation period required for acquisition
of a single image was not greater than 42%. The results demonstrate the potential of multi-phase
MRE technique for imaging dynamic organs, such as the heart.
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Introduction

The heart’s function of circulating blood throughout the body relies on cyclic pressure
variations within its chambers that are the result of the mechanical properties of the
myocardium. As such, numerous studies have attempted to quantify the intrinsic mechanical
properties of the myocardium under both normal and dysfunctional conditions in order to
characterize cardiac diseases such as myocardial infarction (1), hypertension (2), and
diastolic dysfunction (3). In particular, myocardial stiffness and left ventricular (LV)
chamber stiffness are two quantities researchers have derived in order to characterize these
diseases and are calculated from cardiac pressure-volume (P-V) measurements of LV filling
(4,5). While these measures have been shown to be useful, they are invasive, requiring direct
measurement of cavity pressure, and do not assess the intrinsic mechanical properties of the
myocardium (e.g., shear modulus). As such, a direct, spatially resolved, noninvasive
technique for measuring intrinsic myocardial mechanical properties in vivo could provide
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valuable information for assessing a variety of cardiac diseases in which myocardial tissue
mechanical properties are thought to be related (6-8).

One approach to noninvasively quantifying the mechanical properties of the myocardium
would be to apply a new magnetic resonance (MR) based technique known as MR
elastography (MRE; (9-14)) which has been shown to quantify the viscoelastic properties of
a variety of tissue-like materials. MRE is able to spatially resolve shear stiffness by first
acquiring phase-contrast images of tissue response to periodic stresses in the acoustic
frequency range that are the result of external vibrations introduced into the tissue which are
in turn synchronized to motion-encoding gradients (MEG) in the imaging sequence. The
MEGs can be applied along any of the imaging gradient axes to encode shear wave induced
displacements. These displacements are then used to resolve the shear stiffness (u) of the
object under investigation.

Recently, it has been shown that MRE is capable of resolving not only the shear stiffness of
static objects but also of objects undergoing periodic deformations (15). In that work, a
MRE sequence, gated to pressure variations within the object was compared to standard
MRE sequence which imaged the object at specific static pressures induced in the object.
These acquisitions were used to provide elasticity information corresponding to different
time points (or phases) during the deformation cycle of the dynamic object to compare to the
elasticity information obtained at the static pressures. A linear relationship (R2> 0.98) was
observed between the measured pressure and the calculated shear stiffness, and those
stiffness measurements correlated with stiffness values obtained with a previously validated
P-V model (16) using both cyclic pressure variations and static pressures in the object.
However, that MRE technique was only able to acquire elasticity information at a single
point or phase of the pressure cycle. To reproduce the entire cycle, the sequence required
repeated acquisitions at different deformation phases, with each acquisition requiring long
scan times (i.e. approximately 8.5 minutes to acquire 4 phase offsets for 60 bpm). While this
approach is useful for phantom experiments in which the acquisition time is not limited by
physiological considerations such as breath-hold duration, its potential application,
particularly in humans or animal models, is limited. Therefore, there is a need to develop a
rapid multi-phase MRE sequence capable of imaging an object undergoing periodic motion
at multiple time points (phases) within a single acquisition. Hence, the objectives of this
study were to determine whether stiffness estimates obtained using a multi-phase MRE
sequence of an object undergoing cyclic deformation agree with those obtained using a
standard, single-phase gated MRE sequence and to determine the stability of the
measurements obtained from the multi-phase MRE sequence as a function of frequency of
the deformation and the MRE sequence parameter selection.

Spherical Shell Inversion

To obtain stiffness measurements in a complicated structure such as the heart, current
inversion methods (17) are not suitable as they assume an infinite-medium analysis.
Therefore, to model the wave propagation in the heart, a spherical geometry assumption was
made to invert the propagating waves in a spherical shell to obtain shear stiffness. The
equation of motion based on Hamilton’s variational principle (18) assumes no torsional
motion (i.e. it neglects the through-plane component of motion when studying the central
slice of the shell), which simplifies the equation of motion to solve for the spatial stiffness
map. The flexural equation of motion in an isotropic spherical shell is described by Eg. 1
(18) by assuming that the internal radius is greater than the thickness of the shell, where a =
shell inner radius, u = circumferential component of displacement, w = radial component of
displacement, c,, = flexural plate speed (cp2 = E/(1-v3)p), E = Young’s modulus, p = density
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(assumed to be 1 g/cm3), v = Poisson’s ratio, B2 = h?/12a2, h = thickness of the shell, and p,
= applied load. The Young’s modulus obtained from Eqg. 1 can be converted to shear
stiffness using the relationship p=E/2(1+v).
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Methods

p (1)

Experimental Setup

A hollow spherical phantom was constructed with silicone rubber (Wirosil, BEGO,
Germany) of 10 cm diameter and 1 cm thick. Figure 1 shows the experimental setup and
includes the phantom with a flexible inner bladder filled with water connected to a
computer-controlled flow pump (12LBL-1-FM-144, Illinois Pneumatics, Inc, Roscoe, IL).
The flow pump system produced programmable periodic pressure variations within the
phantom cavity. A pressure transducer (PX26-030GV, Omega Engineering, Inc., Stamford,
CT) was used to provide real-time measurements of the line pressure, which was considered
to be equal to the pressure within the phantom. An attached pulse plythesmograph produced
a waveform which was used to gate the MRE pulse sequences. Synchronized, continuous
mechanical stress waves were generated in the phantom by an acoustic driver (14) placed in
contact with the bottom surface of the phantom.

Image Acquisition

All imaging was performed on a 1.5-Tesla MRI scanner (Signa Excite, GE Health Care,
Milwaukee, WI). Both single-phase and multi-phase MRE acquisitions employed the
gradient echo (GRE) MRE pulse sequence shown in Figure 2. The pulse sequence is a
conventional flow-compensated GRE pulse sequence with the addition of first-order
gradient moment nulled MEG waveforms that are synchronized to the source of the
continuous mechanical excitations. For all experiments, the frequency of the mechanical
excitations was 200 Hz, and the duration of the MEGs was 5 ms. To reduce the possible
motion artifacts from the swirling water in the phantom, chemical presaturation was used to
saturate the water signal (the chemical shift of water relative to Wirosil at 1.5 T is 290 Hz).

Validation of Multi-Phase MRE

Single-Phase MRE: Data at a single point within the pressure cycle were acquired with the
phantom undergoing cyclic pressure variations (range: 55-90 mmHg) at 18 bpm (0.3 Hz).
Data were collected using a single-phase MRE pulse sequence which acquired one line of k-
space data per TR per pressure cycle. The single-phase sequence was used to sample 8
temporal phases of the dynamic deformation in separate acquisitions by varying the delay
between the trigger from the pulse plythesmograph and the start of the imaging sequence.
Imaging parameters included: TE = 10.9 ms; TR = 3333 ms (which is an effective TR since
only one view [i.e., one line of k-space] is acquired for every beat of the phantom); flip
angle = 30°; slice thickness = 10 mm; acquisition matrix = 256x64; FOV = 14 c¢cm; receiver
bandwidth = £16 kHz; excitation frequency = 200 Hz; 4 MRE time offsets; and 5-ms
duration (200 Hz) MEGs applied separately in thexand y directions to measure the in-plane
motion. Chemical presaturation, requiring about 15 ms, was performed immediately before
the imaging sequence for every TR.
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Multi-Phase MRE: Data at multiple points within the pressure cycle were acquired using a
multi-phase version of the single-phase MRE pulse sequence acquisition (Figure 3), again
with the phantom undergoing cyclic pressure variations (range: 56-93 mmHg). The
multiphase MRE sequence performs continuous data acquisition throughout the pressure
cycle with gating and retrospective view sharing to reconstruct images at different phases of
the pressure cycle (19-21). Views are acquired in an interleaved fashion such that for a
given view pair, opposing polarity MEG waveforms are encoded at each phase encoding
step. The phase encoding is increased and MEG pair is repeated. The number of MEG view
pairs used to encode a given phase of the pressure cycle represents the views per segment
(\VPS) for that acquisition (Figure 3 shows 4 VVPS). Acquisitions performed over multiple
deformation cycles sample different segments of k-space until all k-space views have been
covered. The number of deformation cycles over which data are collected is equal to the
total number of views divided by the VPS.

In the multi-phase MRE sequence, the time taken to collect a segment of data is Tggg =
2*TR*VPS, where the factor of 2 accounts for the alternating MEG polarity used for the
phase-contrast reconstruction. Increasing the VPS decreases the number of deformation
cycles over which data must be collected, but also increases the acquisition time of each
segment, thereby decreasing the temporal resolution of the sequence. The fraction of the
deformation period required to acquire a segment can be expressed as the percentage Pseg =
Tsec™(1/T)*(100%), where T is the pulsation time (i.e., (1/T) = F, where F is pulsation
frequency). Furthermore, view sharing is performed to reconstruct 20 phases throughout the
pressure cycle. The VVPS are varied for each pulsation frequency to determine the effect of
the reduced acquisition time and increased view sharing on the stiffness estimates.

A baseline comparison of the multi-phase MRE sequence was performed by comparing
stiffness estimates derived from both single-phase and multi-phase acquisitions at a single
deformation frequency of 18 bpm. Imaging parameters of the multi-phase MRE sequence
were the same as those used in the single-phase acquisitions except for TE = 9.8 ms, TR =
35 ms (including the 15 ms chemical presaturation time) and VVPS = 4.

Stability of Multi-Phase MRE—In order to assess the accuracy of MRE-derived
estimates of shear stiffness throughout the pressure cycle using the multi-phase MRE pulse
sequence, a series of experiments were performed.

Acquisition: For these experiments, the multi-phase MRE sequence was used to acquire
estimates of shear stiffness at several different phantom deformation frequencies (18, 27, 39,
51, 60, and 72 bpm). At each frequency 10 deformation phases were reconstructed. The VPS
were varied from 4 to 30, the maximum VPS limited by the available imaging time per
phase at a given frequency. The imaging parameters were the same as mentioned previously.

Image Analysis

For each acquisition, the spherical shell inversion described above was used to obtain a
stiffness map. The MRE-encoded in-plane Cartesian displacements were converted to radial
and circumferential displacements and were input into Eg. 1 to obtain an image of the shear
stiffness distribution throughout the phantom. Several other parameters were also input to
Eqg. 1. The Poisson’s ratio was determined from mechanical testing to be 0.45 (22). The
applied load, p,, models the externally applied vibration of the shell and was modeled as a
Gaussian function with a standard deviation of 0.005 radians and a pressure amplitude of
10° Pa. The derivatives in Eq. 1 were calculated using Savitzky-Golay filters (23) to fit
polynomials to the data. The radius and thickness of the shell for the calculation of B in Eqg.
1 at each pressure were obtained from the MRE magnitude images. The Young’s modulus
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obtained from Eqg. 1 was converted to shear stiffness using the relationship u=E/2(1+v), and
the mean and standard deviation of the stiffness within the shell wall in a region of interest
(ROI) was reported. Since the spherical phantom used in this study was symmetric, each
ROI was drawn only on the left side of the shell away from the boundaries of the shell.

Statistical Analysis

Results

Validation of Multi-Phase MRE—The accuracy of the multi-phase MRE stiffness
measurements was determined by comparison with single-phase MRE data at the same
pressure values (i.e. the same time points during the deformation cycle). Because previous
work (15) has demonstrated a linear relationship between cavity pressure and shear stiffness
u for a similar thin-shelled spherical phantom, the same relationship was expected to be true
for the current phantom experiment. Specifically, because the flow system was programmed
to vary the cavity pressure as a sinusoidal function of time, it was also assumed that the
shear stiffness would also vary sinusoidally. As the stiffness estimates obtained using the
multi-phase MRE sequence were at different time points than the single-phase MRE
stiffness estimates, the multi-phase stiffness data were fit to a sinusoidal function of time.
Next, the multi-phase stiffness estimates were interpolated to the time points corresponding
to the single-phase MRE acquisition based on this fit. A least-squares linear regression
between the single-phase and interpolated multi-phase stiffness estimates was then
performed.

Stability of Multi-Phase MRE—To determine the stability of the multi-phase MRE-
derived estimates of shear stiffness as a function of frequency and MRE imaging
parameters, the multi-phase stiffness estimates obtained at 4 VVPS for a phantom deformation
frequency of 18 bpm (i.e. baseline) were compared to all other deformation frequencies at 4
VPS. Since stiffness is expected to vary linearly with pressure (15), a least-squares linear
regression was performed to fit the stiffness values obtained at each deformation frequency
over the range of 27-72 bpm. As the stiffness estimates obtained are at different pressures
for all frequencies, the linear regressions were interpolated to obtain stiffness estimates for
those frequencies at the same pressures used during the 18 bpm acquisition. A least-squares
linear regression with intercept of zero was then used to fit the stiffness estimates obtained at
18 bpm to the interpolated values at 27-72 bpm.

Finally, to investigate the effect of varying the temporal window over which a given phase
of the pressure cycle is sampled, differences between the measured stiffness estimates at the
minimum Pgsgg (i.e. 4 VPS) and higher Pggg’s were studied by calculating the mean square
error (MSE) between the stiffness estimates at 4 VPS and other VVPS values at each
frequency.

Validation of Multi-Phase MRE

Good agreement was observed between the stiffness estimates obtained using the single-
phase and multi-phase MRE sequences. Figure 4 shows the MRE-derived shear stiffness
values obtained under cyclic pressure conditions (18 bpm) acquired with both the single-
phase (one pressure point at a time) and multi-phase (20 pressure points, 4 VPS (Psgg =
8.4%)) GRE MRE sequences. For reference, the pressure waveform measured using the
inline pressure monitor is also shown. The error bars represent +1 SD of the shear stiffness
measurements. As expected, the stiffness varied sinusoidally with respect to pressure
indicating strong correlation. Figure 5 shows a plot comparing the single-phase MRE shear
stiffness measurements from Figure 4 to those obtained using multi-phase MRE. The multi-
phase MRE stiffness values were obtained by fitting a sinusoid to the measured stiffness
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values in Figure 4 and evaluating that function at the times sampled during the single-phase
MRE acquisitions. Since the pressure variation is sinusoidal, there are stiffness estimates
that are obtained at multiple time points that represent approximately the same stiffness
values as shown in Figure 5. The R2 value of 0.98 and slope near unity indicate very high
correlation between the stiffness estimates obtained using the single-phase and multi-phase
MRE sequences. The results indicate that stiffness estimates obtained using multi-phase
MRE at a deformation frequency of 18 bpm with 4 VPS can be used as reference standard
for subsequent studies.

Stability of Multi-Phase MRE

Good agreement was observed between the stiffness estimates obtained using multi-phase
MRE at 18 bpm (4 VPS) to those obtained at 4 VVPS at all other phantom deformation
frequencies. Table 1 shows the results of comparing the stiffness measurements using the 4
VPS multi-phase MRE acquisition and a phantom deformation frequency of 18 bpm to those
obtained using the 4 VPS acquisition with deformation frequencies of 27-72 bpm. Column 2
shows the Pggg for 4 VPS at 27-72 bpm. Columns 3 and 4 show the slope and correlation
coefficient for each fit between the 18 bpm stiffness data and the other deformation
frequencies. All fits had slopes near unity and R? values above 0.92, indicating excellent
agreement between the stiffness measurements at each frequency. The above results indicate
that stiffness values obtained with 4 VPS and deformation frequencies of 18-72 bpm agree
with the reference single-phase MRE data. Therefore, subsequent analysis of stiffness with
changes in the amount of view sharing at different deformation frequencies can be
performed using the 4 VVPS estimates for each frequency.

Figure 6 shows an example of the displacement data and stiffness estimates obtained using
the multi-phase MRE technique. Figures 6(a, b) show the radial and circumferential
components of displacement for a single slice through the center of the phantom obtained at
an inflation pressure of 67.5 mmHg at a frequency of 1 Hz (60 bpm) and 4 VPS (Psgg =
28%). The corresponding stiffness map is shown in Figure 6(c). An average stiffness value
of 142+24 kPa was obtained from the ROI shown (dotted black line). The artifacts at the top
and bottom of the elastograms arise because of numerical instabilities due to the cotangent
function in the wave equation going to zero in these regions.

Variation in the stiffness estimates obtained using multi-phase MRE was observed with
increasing Psgg when compared to the minimum Psgg. Figures 7(a—c) show plots of shear
stiffness and pressure versus time for cyclic pressures of 18 bpm, 39 bpm and 60 bpm,
respectively. The plots show the mean shear stiffness measurements obtained at different
Pseg for each time point. For clarity, Figures 7(a, b) only include stiffness estimates up to
Pseg = 54.6% and 63.7%, respectively. The plots show that the shear stiffness
measurements at 18, 39, and 60 bpm become less accurate when Pggg is greater than about
42%. Figure 8 shows the MSE of the stiffness estimates at various Psgg (i.e., different VPS)
for cyclic pressure frequencies ranging from 18 bpm to 72 bpm. The MSE was calculated
for each phantom deformation frequency between the stiffness estimates obtained at 4 VPS
and the other VPS at that frequency. The plots show that the MSE starts to significantly
increase when Pggg is greater than 42% for all of the cyclic pressure variations and that the
stiffness estimates using multi-phase MRE are reproducible for Pggg < 42% in the
aforementioned frequency range.

Discussion

Our results suggest that multi-phase MRE can replace single-phase MRE as a method for
estimating the shear modulus of an object undergoing cyclic deformation. The results at 18
bpm show excellent agreement between measurements from single-phase MRE and multi-
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phase MRE with 4 VVPS (8.4% Psgg). The results also demonstrate sinusoidal variation in
stiffness with sinusoidally varying pressure, indicating a linear correlation of stiffness with
pressure, which agrees with previous study results (15).

Using the minimum VPS of 4, multi-phase MRE produced stable estimates of stiffness for
different phantom deformation frequencies. A high correlation was observed between the
stiffness estimates obtained with multi-phase MRE at 18 bpm and 4 VPS and deformation
frequencies up to 72 bpm and 4 VPS. This suggests that multi-phase MRE can reproducibly
measure the stiffness of a dynamically deforming object up to at least 72 bpm, which makes
it practical for in vivo cardiac imaging where heart rates are typically around 60 bpm.

Compared to the minimum VPS of 4 at a particular deformation frequency of the phantom,
the multi-phase sequence stiffness estimates increase when the VVPS increase to the point
where the fraction of the deformation period required to acquire a segment (Psgg) is
>42.0%, suggesting that the multi-phase MRE sequence becomes unstable at this point.
Increasing the Psgg (by increasing the number of VPS) can significantly reduce acquisition
times, but the increased averaging of data collected at different times during the periodic
deformation corrupts the displacement data and biases the stiffness estimates.

The multi-phase MRE sequence significantly reduced imaging times when compared to the
single-phase MRE sequence. For example, in this phantom study, the scan time taken by the
multi-phase MRE sequence reconstructing 10 deformation phases at a pulsation frequency
of 60 bpm with a TR of 35 ms (including the 15-ms chemical presaturation time) and 6 VPS
(42% Pggg) was approximately 11 seconds per sensitization direction or phase offset of
external vibration. Similarly, the single-phase sequence equivalent to 1 VPS with alternating
MEG in consecutive TR’s (i.e. every 1000 ms) requires approximately 2 minutes per
sensitization direction or phase offset of external vibration. Therefore, this result suggests
that multi-phase MRE sequence could be feasible for in vivo cardiac MRE applications.
However, to have good penetration of waves into in vivo heart, lower excitation frequencies,
which are in the range of those used in liver (14) should be applied. To have the maximum
sensitivity to the external motion applied, the MEGs should be applied at the same
frequency, which would increase the TE, thereby causing prohibitively long echo times due
to short T2* values. To avoid this problem for in vivo applications, a reduced MEG duration
can be used (24) in which the echo time can be shortened by mismatching the frequency of
the gradients and the motion.

Previous studies (24,25) have demonstrated multi-phase balanced steady-state free
precession MRE acquisitions. These studies did not perform an extensive analysis of the
effect of the amount of view sharing on their results, whereas our analysis indicates a cutoff
of 42% for the amount of view sharing necessary to obtain stable stiffness estimates.
Furthermore, those studies reported a mean, global stiffness of the myocardium based on
wave speed measurements, compared to the present study which is capable of providing
spatially resolved stiffness maps at different phases of the deformation cycle. Recently, a
cardiac MRE study (26,27) was described, which used the amplitude of vibration within the
heart to measure the stiffness changes of the heart over the cardiac cycle in volunteers. Their
technique does not measure wavelengths to provide stiffness estimates, does not measure
regional stiffness, does not produce an absolute stiffness value (only relative values), and
thus cannot be used to compare the tissue stiffness of different subjects.

There are several limitations of our study that will need to be monitored and addressed as
the technique is applied in vivo. The first is the difficulty in testing this technique under
physiological conditions due to the mechanical limitations of the current flow pump system.
Currently, pressure variations produced by this pump at frequencies of 60 and 72 bpm are
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considerably smaller than those within the LV of a human heart, and therefore the
reproducibility of the stiffness measurements at large Psgg and increased view sharing may
not be as accurate under physiologic conditions compared to phantom conditions. Secondly,
current scan times would require several breath holds for in vivo cardiac applications, which
can introduce registration artifacts between the MRE phase offsets. Therefore, this could
introduce additional uncertainties in the shear stiffness measurements. The third limitation is
that Eq. 1 neglects torsional motion (i.e. the through-plane component of motion), which is
present even in this phantom study and which we believe produces systematic variations in
shear stiffness along the circumference of the phantom. Since this torsional motion may be
more pronounced in in vivo applications, this might produce biases in the stiffness estimates
when trying to identify normal and diseased myocardial tissues. The fourth limitation of this
study is that the spherical shell inversion is a 2D analysis, but in the in vivo heart, the wave
propagation might be more complicated because of its structure, therefore requiring a 3D
inversion to obtain the true stiffness of the myocardium. The fifth limitation is that
violations of the isotropy assumption governing the inversion algorithm in Eq. 1 will occur
to a larger degree in vivo forcing the interpretation of the stiffness derived from Eqg. 1 as an
effective isotropic shear modulus of the myocardium. While these deviations may prevent
the determination of the true mechanical properties of the myocardium in initial cardiac
MRE results, the reported stiffness estimates may still be useful as indicators of cardiac
disease status.

Future work includes refinement of this multi-phase MRE sequence to reduce scan time,
such as by using parallel imaging acquisition techniques. Further, by reducing the MEG time
and removing the chemical presaturation time used in the present study, the TE and TR can
be reduced, thus allowing for a larger number of VVPS for a fixed Psgg, which would
decrease the scan time at a particular pulsation frequency without affecting the stiffness
estimates.

In conclusion, we have demonstrated a rapid MRE imaging sequence capable of resolving
the changing stiffness of a dynamically deforming phantom at multiple time points during
the deformation. We have shown that the cyclic variation in pressure in this phantom
produced similar variations in the stiffness of the phantom and that the stiffness estimates
produced by a gated, multi-phase MRE sequence agreed with those obtained using a
standard gated, single-phase sequence. We have also determined approximate limits for the
amount of view sharing that is reasonable with this sequence to reduce acquisition times
while still providing reproducible stiffness estimates. These results will provide a useful
guide for future in vivo cardiac tissue studies.
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Figure 1.

Experimental setup showing the acoustic driver system for generating motion in the
phantom and the hydraulic system, including the computer-controlled flow pump, the
pressure transducer for recording the in-line pressure, and the plythesmograph for triggering
the MRE pulse sequence.
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Figure 2.

A gradient echo MRE schematic pulse sequence indicating the RF pulse; X, Y, and Z
imaging gradients with flow-compensating gradients shown on X and Z; the first-moment-
nulled MEG, which can be applied along any axis; and the continuous mechanical
excitation. The time scale, in milliseconds, for the pulse sequence with 200-Hz MEG and
200-Hz excitations is shown. By decreasing the frequency of vibration and increasing the
time for the MEGs, the TE and TR becomes longer, which can increase T2 and T2* effects
and the scan time.
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Figure 3.
Shows the timing diagram of the multi-phase MRE sequence with 4 VPS. Each view

represents the pulse sequence shown in Figure 2. The MEG has alternating polarity for every
TR and Tggg is the time taken to collect 4 views. The percent of time taken for collecting
one segment of information with respect to one cycle of motion is called Pggg.
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Figure 4.

Plot of stiffness and pressure versus time during cyclic pressure changes using the gated
multi-phase MRE sequence (Pseg = 8.4%) and the gated single-phase MRE sequence. The
error bars with bold lines and dotted lines represent +1 SD of the stiffness estimates from the
multi-phase and single-phase acquisitions, respectively.
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Figure 5.
Correlation between the shear stiffness estimates obtained using the multi-phase MRE pulse
sequence and the single-phase MRE pulse sequence at 18 bpm.
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Figure 6.
The radial component of displacement (a) and the circumferential component of

displacement (b) for an inflation pressure of 67.5 mmHg at 60 bpm and Psgg = 28%. The
stiffness map (c) using Eq.1 indicates the mean stiffness in the region of interest (denoted by
the black dotted line) is 142+24 kPa.
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Plot of pressure versus time and stiffness versus time for various Psgg at 18 bpm (a) 39 bpm
(b) and 60 bpm (c). The line connects the stiffness values corresponding to Psgg of 8.4%,

18.2 % and 28% in all three plots, respectively, indicating the true stiffness values.
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Figure 8.

Plot of MSE versus Psgg for cyclic pressures ranging from18 bpm to 72 bpm.
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Frequency (bpm) Psggat4 VPS (%) Slope R2
27 12.6 097 0.94
39 18.2 098 0.92
51 23.8 1.06 093
60 28.0 1.01 098
72 33.6 097 0.97
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