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Abstract

Purpose—Many cardiovascular diseases are associated with abnormal function of myocardial
contractility or dilatability, which is related to elasticity changes of the myocardium over the
cardiac cycle. The mouse is a common animal model in studies of the progression of various
cardiomyopathies. This article introduces a novel non-invasive approach using microscopic scale
magnetic resonance elastography to measure the myocardium stiffness change during the cardiac
cycle on a mouse model.

Methods—A harmonic mechanical wave of 400 Hz was introduced into the mouse body. An
electrocardiograph-gated and respiratory-gated fractional encoding cine-MRE pulse sequence was
applied to encode the resulting oscillatory motion on a short-axis slice of the heart. Five healthy
mice ages from 3 to 13.5 months were examined. The weighted summation effective stiffness of
the left ventricle wall during the cardiac cycle were estimated.

Results—Results show the ratio of stiffness at end-diastole (ED) and end-systole (ES) in a range
of 0.5 to 0.67. Additionally, variation in shear wave amplitude in the left ventricle wall throughout
the cardiac cycle was measured and found to correlate with estimates of stiffness variation.

Conclusion—This study demonstrates the feasibility of implementing cardiac MRE on a mouse

model.
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Introduction

Increased left ventricle (LV) stiffness, one of the contributing factors to abnormal systolic or

diastolic function, has been found in various cardiovascular diseases (CVD) such as diastolic

heart failure, cardiac fibrosis, steatosis, altered sarcomere activity and hypertension 1-3.
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Conventionally, the primary approaches to assessing the contractility of the LV include an
invasive method of measuring the pressure-volume (P-V) curves over the cardiac cycle 7
and noninvasive approaches of assessing deformation of the LV during systole and diastole,
such as tagged MRI 8 or strain and strain rate echocardiography %-10.

As a remote palpation method, MR elastography (MRE) is capable of estimating tissue
stiffness or viscoelasticity non-invasively. MRE is a phase contrast-based MRI technique
that observes the tissue response to a cyclic mechanical excitation. Subsequently, a map of
the viscoelastic or stiffness properties of the targeted region of interest (ROI) is calculated
with an appropriate inversion algorithm. MRE is a useful tool for the noninvasive
mechanical characterization of soft biological tissues, including phantoms and engineered
constructs 112 and the technique shows diagnostic potential for various diseases affecting
different organs, such as the liver, brain, muscle, etc. 1315,

Using MRE to noninvasively estimate the myocardium stiffness has been attempted in
humans and large animals using a shear wave amplitude approach (WAV-MRE) 16-18 and
using a shear wave inversion approach (WI-MRE) 19-20, Both techniques indicate the
diagnostic potential of cardiac MRE. The mouse model is a very common animal model in
CVD studies 2!-22, which can provide fundamental insight into disease progression and
pathophysiology. While there have been numerous studies applying MRE to the mouse
brain 2324, there are few studies applying any form of noninvasive elastographic imaging to
internal organs and deep structures within the torso of the mouse. This limited application is
a consequence of the unique technical challenges associated with accounting for the rapid
cardiac and respiratory cycles, in addition to the small dimensions. To the best of the
authors’ knowledge, the study presented here is the only published account of mouse cardiac
MRE. MRE, which uses an external stimulus potentially enables quantitative and localized
estimates of myocardial stiffness without the need for invasive catheterization. In this study,
MRE was implemented on a healthy mouse model to assess the stiffness and shear wave
amplitude change in the myocardium during the cardiac cycle. This study is challenging due
to the fast heart beating rate (typically 500 beats/min) and small dimension of the mouse
heart (typically less than 10 mm in all directions). The result is promising and demonstrates
how myocardial stiffness and shear wave amplitudes change during the cardiac cycle.

Experimental setup

Five female adult C57BL/6 mice (age range 3—13.5 months, weight range 20-30 grams)
were examined. The experiments conformed to our university Animal Care Committee
(ACCQ) principles, and all the procedures were approved by the university ACC committee.

Mice were induced anesthesia with 5% vol. isoflurane in 1-liter oxygen flow for 3 min in an
induction chamber and then were placed in a customized nonmagnetic cradle with a nose
cone for inhaled anesthesia (1-1.5% vol. isoflurane at 1-liter oxygen flow), delivered with an
isoflurane vaporizer machine (E-Z Anesthesia, E-Z System Corporation, PA). Mice were
positioned supine in the cradle. The hair on the left thorax area was removed with Nair®
depilating agent. A 3-D printed polylactic acid (PLA) plastic tube tip was then placed on the
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chest above the heart as a passive driver as shown in Figure 1b. The right front paw and left
back paw were connected to electrocardiogram (ECG) leads. A respiration pillow was
placed and taped on the abdomen area.

All experiments were performed on a 9.4T Agilent (310/ASR, Santa Clara, CA) horizontal
bore preclinical MR scanner with a self-shielded gradient coils (maximum strength 1000
mT/m) and a ¢39 mm birdcage quadrature radiofrequency (RF) coil. The mouse along with
the cradle was slid into the scanner. An air heating system (SA Instruments, Inc. NY)
regulated the body temperature of the mouse and kept it around 37°C. The other end of the
tube tip was connected to an acoustic speaker (11829BT, Electro Voice, MN, USA) located
~5 meters away from the magnet via several long rigid PVC pipes. The acoustic speaker was
driven by an audio amplifier (P3500S, YAMAHA, Japan). The ECG, respiration and
temperature signals were detected and monitored by an ERT control/gating module (SA
Instruments, Inc. NY). The schematic of the experimental setup is shown in Figure 1a.

Image Acquisition

A gradient echo based cine-MRI sequences was upgraded with motion-sensitizing gradient
(MSG) and prospective ECG triggering for cardiac cine-MRE. We adopt the concept of
fractional encoding in order to combine rapid acquisition (and thus short MSGs) with low
frequency vibrations. Fractional encoding has been introduced by Rump et al. 2. In its
cardiac MRE implementations one specific vibration state is estimated from successive
repetition time (TR) intervals 17 which implies a condition for the MSG period (‘L'g), the
mechanical vibration period ( z,) and the repetition time TR:

!

g1

7.=N -TR;(N=1,2,3...),and g=—=
" ( ) q o (1]

Due to the lower limit of our acoustic speaker (~280 Hz) and the need for a sufficient TR
based on SNR considerations (a relatively longer TR is required due to the longer T1 under
ultra-high magnetic field), we implemented fractional MRE with a vibration period z, that
was shorter than the TR. This implementation violates Eq. 1 and therefore, we propose a
data acquisition scheme that allows for arbitrary phase shifts of the vibration instead of
phase-conformed in successive TR intervals. As illustrated in Figure 2, the vibration was
activated by the R-wave ECG signal and was maintained for 1.5-2 cardiac cycles in
expiration. During the active vibration, data were acquired for one line in k-space with 16—
18 phases (number of phases depends on mouse heart beating rate) corresponding to
different phases of the cardiac cycle. After the ECG trigger, a minimum vibration forerun of
20 ms was allowed before the start of the first phase for ensuring a mechanical steady state.
After the last cardiac phase the vibration was turned off and the sequence of events was
repeated for acquisition until the k-space was filled. Temporal resolution with eight time

steps was achieved by increasing the forerun for consecutive image acquisitions by 1. .
sTu

A short-axis slice was selected at the middle level of the LV for MR imaging. An MRE scan
without acoustic actuation was performed as a control scan. Typical MRE sequence
parameters were: FOV=2.5x2.5 cm with a 128x128 matrix; single slice of 1 mm slice
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thickness; flip angle a = 20°; 2 averages; 400 Hz of vibration; one cycle of a flow-
compensated MSG with a strength of 20 Gauss/cm and duration of 1 ms. With timing
parameters of TR/TE = 9.44/2.25 ms and a heart beating rate of 440~500 beats/min, the scan
duration for one motion encoding direction was typically 12.5 minutes. The 3-D
displacement vector was acquired by repeating the acquisition with varying MSG directions
resulting in a total measurement time of 37.5 min for each data set.

Data Processing

Image post-processing was performed using MRElasto, a custom-written software using
Matlab (an executable file is downloadable at http://avl-server.mie.uic.edu/AHP/htdocs/
MRElasto_downloadpage.php). Phase-difference images were calculated to correct for static
field inhomogeneity by subtracting phase images acquired with relative trigger shifts of L
Subsequently, the complex wave image for each cardiac phase on each encoding direction
was obtained after a Fourier-transform on the phase-difference images over one vibration
cycle. A fourth order Butterworth bandpass filter with bandwidth of 1-30 waves/FOV plus
an additional 2-D directional filter (four directions separated by 90°) were applied on the
complex wave images to remove high-frequency noise and compensate for reflections 2.
Since data is available only in a single image slice, we are restricted to calculate the complex
shear moduli G from the filtered complex wave images U using a 2-D direct inversion
algorithm (Helmholtz inversion). The complex shear moduli G; (x, y, w) at cardiac phase #/
on direction n (n=1,2,3) were calculated from the filtered complex wave images Uj; X Y
w) using a 2-D direct inversion algorithm (Helmholtz inversion) 27-28 shown in Eq. 2:

— U2y, w)
V2 nlz, g, w) 2]

Gj._n (I’ Y, L"‘):

We determined for each cardiac phase an effective complex shear modulus Geﬁ“]‘- asa
weighted sum of the complex shear moduli along the three directions and the weighting
coefficient is calculated from the direction-dependent displacements 2°:
|Ujnlz, y,w)|
SicilUik(z,y,w)| 3]

. 3
Gc}fﬂ' l, y, u’):anlGj,n (2, y,w) - Win, Win=

As a clarification, in this paper, when using the term “shear stiffness” to represent the
estimation result of this mouse cardiac MRE study, it is the effective shear stiffness G.4
calculated from equation 3. In addition to the wave inversion based processing approach we
also assess stiffness variations over the cardiac cycle by observing shear wave amplitude
variations. We adopt the theory of Sack et al. 39, that the ratio of the wave amplitude U at
two different time points # and & is inversely related to the ratio of stiffness # under the
assumption of a constant flux of the elastic wave energy:
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ROI selection

Due to the attenuation, the intrinsic contraction of the heart and the location of the
excitation, the impact of the mechanical acoustic wave on the mouse body as well as the
mouse heart varies from anterior to posterior locations. The wave amplitude therefore needs
to be considered in deciding a suitable ROI for analysis. The wave amplitude can be
calculated using Eq. 5:

Uile \Zn Uil ) [51

In order to identify regions of contracting tissue and to suppress static regions within the
image, an empirical correlation map Sis calculated according to Eq. 6 below 3!

N

s=>

e 0, for systole
U38= \"Z j=1 JZJ (5555= { 1, for diastole 6]

where, N is the total number of the cardiac phases scanned and S is a step function
determined by observing the duration of systole and diastole. The vibration amplitudes
caused by a mechanical wave propagating in tissue depend (among other things) on the
tissue stiffness 32. Therefore, the expected amplitudes will not change over the cardiac cycle
in regions that do not contract and Eq. 6 yields O for such a scenario. Thus the correlation
map S compensates for the displacement amplitude of the unmoved region, and enhances the
displacement amplitude of the region affected by both external mechanical vibration and the
intrinsic contraction/dilation.

We examine correlations of cardiac phase and spatial averages of both wave inversion
derived cardiac stiffness and shear wave amplitudes using three distinct ROIs. A semi-
automatic ROI selection code is written in order to generate these ROIs for each cardiac
phase. Three masks are generated in preparing the ROIs. A Mask #1 is automatically
generated from the intensity of the MR magnitude images at each cardiac phase. A Mask #2
corresponds to the overall excitation affected map by adding up the wave amplitude images
(Eq. 5) of all cardiac phases. The correlation map Sobtained from Eq. 6 defines the two-
dimensional Mask #3. Finally, the ROIs used for spatial averaging are defined as follows:

ROI 1: The LV manually selected from Mask #1.

ROI 2: The intersection of ROI 1, Mask #2 and Mask #3 using interactively
selected thresholds to ensure sufficient wave energy and the inclusion of parts
of the myocardium that are contracting.
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ROI 3: The upper part of ROI 2 close to the source of the mechanical
excitation.

See Figure 4 for an illustration of the ROI selection steps.

Results

Implementation and Representative Image Results

Individual MRE results shown in this section are primarily represented by experiments on
mouse #5. Figure 1c and d show the comparison of the wave amplitude map of an MRE scan
(Figure 1c) and its corresponding control scan without external actuation (Figure 1d) at the
same cardiac phase (at ES). The figures are transparently overlapped with the magnitude
image in order to identify the location of the left ventricle. From these figures, it can be
observed that the excitation impacts the entire mouse body, and the red region indicates that
the most affected area covered at least half of the left ventricle and was stronger in the region
close to the actuation source.

The results of the same MRE scan above are given in Figure 3. Figure 3a and f are the
magnitude images at end-systole (phase 3) and end-diastole (phase 9). Figure 3b~d and
Figure 3g~i are the corresponding wave images for vertical, horizontal and out of plane
motion-encoding directions, respectively. Figure 3e and j are the corresponding stiffness
maps. An ROI of the entire left ventricle (ROI 1) was applied to the wave images and the
stiffness maps and then overlapped on the magnitude images. All of the wave images use the
same displacement scale, and motion can be observed in all of the three directions. This
MRE scan has 18 cardiac phases and covered ~1.5 cardiac cycles. The curves of averaged
stiffness and the wave amplitude over the three ROIs of each cardiac phase are given in
Figure 4e. It can be observed that the LV stiffness increased during systole, and decreased
during diastole with variations at a lower level during either of the two intervals of the
cardiac cycle. Phase 3 and phase 14 were considered end-systole and phase 9 was
considered end-diastole. Figure 4a~d illustrates the selection process of ROI 2 and ROI 3.
Figure 4a gives the overall excitation-affected map of the MRE scan. The bright area shows
the most affected region during the entire cardiac cycle. The region started from the upper
chest, close to the excitation source, and spread into the body along the direction of the
excitation, and covered at least half of the left ventricle. Figure 4b is the correlation map
generated from Eq. 6. The high intensity correlation area covered most of the left ventricle
and separated the left ventricle into two regions, upper and lower. From that ROI 2 was
calculated as outlined in the methods section and ROI 3 represented the upper region of ROI
2 close to the vibration source. ROI 3 tends to be small, but it provides more accurate
average amplitude. Figure 4c and Figure 4d illustrate ROI 3 at end-systole (phase 3) and at
end-diastole (phase 9). The inverse proportional relation of stiffness and wave amplitude
predicted by Eq. 4 is depicted by the result of ROI 3 (solid red line) in Figure 4e. It can be
seen that the wave amplitude decreased during systole, and increased during diastole, which
is inverse to the stiffness, as expected.
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Grouped Data and Findings

ROI 1 and ROI 3 were examined for the MRE data of all mice in the study. The average
stiffness results over the two ROIs at end-diastole and end-systole are given in Figure 5a. A
box plot of the stiffness ratios uzp/ugg along with the amplitude ratio (ug¢/ugp)* from the
results of these two ROIs is shown in Figure 5b. The ratio of the stiffness at end of diastole
and end of systole is the factor that reflects the contractility of the left ventricle. A t-test was
performed on the stiffness ratio versus the alternative that there is no stiffness change during
the systole and diastole. The P value was found to be 8.5x107.

The five mice in this study ranged in age from 3 to 13.5 months, weighed from 20 to 30
grams, and had a diameter of the left ventricle at middle level at the end of systole ranging
from 4.9 to 5.5 mm, By comparing stiffness values of these five mice, no significant
difference was found related to the age, weight or heart size. However, a final conclusion
should be made with examination of more samples of mice with different ages and weights
in a future study.

Discussion

Cardiac MRE on humans and in porcine models has been studied by other groups with
different methods (WAV-MRE by Elgeti et al. 1713 and WI-MRE by Kolipaka et al. 2%).
However, in this study, for the first time, cardiac MRE is implemented in a mouse model and
both WAV-MRE and WI-MRE processing approaches are applied. Our results suggest that
the methods are useful for noninvasive detection of myocardial stiffness changes in the
mouse and may therefore be valuable tools for monitoring cardiac disease progression and
for testing therapies in mouse models of cardiac diseases.

Implementation of cardiac MRE on a mouse model is more challenging than on human or
porcine models. The small size of the mouse body as well as the heart requires a relatively
high frequency excitation. And, the small dimension of the preclinical MR scanner RF coil
limits the available space for actuation setup. Multiple approaches with different excitation
methods have been tried in this study, including using a piezo stack shaking a mouse bed
with the mouse on it, or using a piezo stack driving a bent plastic rod to apply shear
excitation directly to the mouse chest. Those approaches either could not provide enough
excitation to the mouse heart or were harmful for the mouse. The custom-designed
pneumatic system presented in this study provided the best excitation and least harm to the
mouse. This design has also undergone multiple improvements for mouse comfort and
excitation efficiency.

Also, frequency limits of this system imposed the need for a decoupling of TR and vibration
period, which we successfully implemented in a modified fractional encoding pulse
sequence. After removing the restriction of the vibration frequency, finding a workable
excitation frequency is another factor that needs to be considered in this implementation.
The small dimension of the mouse and the heart requires a high frequency excitation;
however, high frequency vibration suffers from high attenuation with distance of
penetration. Pre-tests with frequencies of 350 Hz, 400 Hz, 500 Hz, 800 Hz, and 1 kHz were
conducted, and finite element simulations with different frequencies were performed as well
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in this study 33 (not shown in here). The results showed the attenuation was too high in the
region of interest at the higher frequencies; this led us to choose 400 Hz.

The ROI selection method in this study can more efficiently generate a reasonable ROI. The
promising results of this study demonstrate the feasibility of MRE on the mouse heart. The
stiffness of the left ventricle increased during systole, and decreased during diastole. And,
the stiffness ratio matched the amplitude ratio to the power of 4 well when considering the
correlated ROI 3.

However, limitations still exist in this technique. If heart rate varies greatly among the three
scans, the cardiac phases at each of the three acquisitions will be unmatched, which could
potentially bias the stiffness estimates. Furthermore, in order to obtain an accurate stiffness
map for a complex geometry such as the mouse body, a 3-D inversion algorithm based on
isotropic voxel multi-slice acquisition is required. Then the longitudinal wave can be
removed by applying the curl operator to multi-slice data before using a 3-D inversion
algorithm for calculation of stiffness maps. However, cardiac mouse MRE is restricted to
single slice acquisitions due to the elongated scanning time with ECG and respiration gating
at the current stage of development. And restriction to a 2-D plane is in contrast to the need
for analyzing displacements along all three dimensions because of wave refraction and
reflection within the torso. The approach of using a weighted sum of the complex shear
moduli derived from 2-D scalar wave field inversion has yielded reasonable results in the
presented study. However, 2-D inversion has its limitation that the shear stiffness accuracy is
related to the ratio of the wavelength /pixel 28 and it is accurate only within relatively narrow
bands within a larger volume 34; either a faster multi-slice acquisition in cine-MRE needs to
be developed or a more accurate algorithm should be derived in future studies.

35 is another factor that needs to be considered. In order

Moreover, the boundary condition
to see how the boundary condition affects the result, erosion studies with different pixel
depth of 1, 2 and 3 were performed, and results are shown in Figure 4e. It can be observed
that with erosion, the amplitude did not have too much difference, but the stiffness increases
with increasing erosion depth, although the trend of the stiffness changes still is consistent.
Howeyver, a trade off of erosion and ROI area should also be considered because of the small
area of the ROI. Take the scan presented in this study as an example; the area of ROI 3
changes from 89 pixels (no erosion) to 23 pixels (3 pixels erosion depth) at end of systole
and 86 pixels (no erosion) to 7 pixels (3 pixels erosion depth) at end of diastole. Thus,
choosing a reasonable erosion depth with a ROI of faithful size should also be considered in
a future study. In this study, non-erosion was chosen due to the small area of the ROL.

Finally, the ROI selection is essential, especially with regard to the WAV-MRE processing
approach. From the comparison of stiffness and wave amplitude over the three ROIs in
Figure 4e, it can be observed that the wave amplitude curve only matches the trend of
stiffness in ROI 3, while the stiffness keeps the same trend for all of the three ROIs, although
has differences in values. Further, Figure Se illustrates that similar ratio values for amplitude
(4™ power) and stiffness as required by Eq. 4 are only obtained when using ROI 3. Thus,
appropriate ROI selection is critical. A smaller area ROI with the same wave energy level
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within the fully correlated ROI provides a more accurate result, which especially holds for
the wave amplitude-based approach.

In summary, this study demonstrates the feasibility of cardiac MRE on a mouse model, and
provides the possibility to use cardiac MRE in exploring more applications in cardiovascular
disease studies.
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Figurel.
a) Cardiac mouse MRE experimental setup. The mouse was positioned supine in a

customized nonmagnetic cradle with a nose cone connected to an isoflurane vaporizer for
inhaled anesthesia. A 3-D printed tube tip was placed on the left side of the chest of the
mouse at one end and connected to an acoustic speaker at the other end via rigid PVC pipes.
ECG, respiration and temperature signals were monitored by an ERT control/gating module;
b) The photo of the mouse setup with the customized nose cone and the 3-D printed tube tip.
¢) and d) A confirmation of the excitation from this setup by comparing the wave amplitude
image of an MRE scan (c) and a control scan (d) at the same cardiac phase (at ES) in mouse
#5. The location of the actuator tip is tagged on the figure c. Intensity of the tip was weak in
the magnitude images and therefore graphically highlighted in the figure.
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A modified fractional encoding, prospective ECG-gated, gradient echo cine-MRE pulse
sequence. The mechanical vibration is triggered with the R-wave ECG signal and is turned
off immediately after the MSG of the last cardiac phase. The forerun time between the
mechanical vibration trigger and the RF pulse of the first cardiac phase acquisition allows
enough time for the acoustic wave to travel from the speaker to the mouse body and reach
steady state. A flow compensated motion encoding gradient shape is applied to compensate
for blood flow. More than 1.5 cardiac cycles are scanned in order to reconstruct the motion
in at least one full cardiac cycle.
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Figure 3.
A typical cardiac MRE scan result of the left ventricle. (a—e) shows the result at the end of

systole (ES), where (a) is the magnitude image, (b—d) are the wave images at the three
motion directions of vertical, horizontal and out of plane respectively, and (e) is the stiffness
map of the left ventricle. (f—j) shows the result at the end of diastole (ED), where (f) is the
magnitude image, (g—i) are the wave images at the three motion directions and (j) is the

stiffness map of the LV.
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Figure 4.
a) The overall excitation affected map, which is the summation of the wave amplitude

images of all cardiac phases; b) the correlation map generatated from equation 6; c) ROI 3 at
end-systole; d) ROI 3 at end-diastole; e) the stiffness and wave amplitude change during the
18 cardiac phases (covered ~1.5 cardiac cycles) averaged over the ROIs: ROI #1: the entire
LV; ROI #2: the full correlated region; ROI #3: the upper region of ROI #2, which was close
to the chest, and the result with erosion of ROI # 3 with different eriosion depth (1, 2, and 3
pixels).
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Figureb.

a) Plot of the stiffness at ED and ES for the five mice, with two different ROI selections; b)
Boxplot of the stiffness ratio ugp/jugs of the two ROIs (entire LV and the correlated map)

and the wave amplitude ratio (ugg/ugp)* of the correlated ROI of the five examined mice.
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