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Abstract

Purpose—To assess reproducibility in measuring left ventricular (LV) myocardial stiffness in
volunteers throughout the cardiac cycle using magnetic resonance elastography (MRE) and to
determine its correlation with age.

Methods—Cardiac MRE (CMRE) was performed on 29 normal volunteers, with ages ranging
from 21 to 73 years. For assessing reproducibility of CMRE-derived stiffness measurements,
scans were repeated per volunteer. Wave images were acquired throughout the LV myocardium,
and were analyzed to obtain mean stiffness during the cardiac cycle. CMRE-derived stiffness
values were correlated to age.

Results—Concordance correlation coefficient revealed good inter-scan agreement with r. of
0.77, with p-value<0.0001. Significantly higher myocardial stiffness was observed during end-
systole (ES) compared to end-diastole (ED) across all subjects. Additionally, increased deviation
between ES and ED stiffness was observed with increased age.

Conclusion—CMRE-derived stiffness is reproducible, with myocardial stiffness changing
cyclically across the cardiac cycle. Stiffness is significantly higher during ES compared to ED.
With age, ES myocardial stiffness increases more than ED, giving rise to an increased deviation
between the two.
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Introduction

Methods

In the United States, heart failure accounts for 40-70% of reported deaths (1, 2). While
increasing with age, left ventricular (LV) stiffness is considered a significant contributing
factor to heart failure (3-5). Therefore, early detection of abnormal myocardial stiffness in
patients of all ages may aid in the understanding and management of heart failure.

Currently, invasive catheter-based pressure-volume techniques are the standard clinical
method for measuring LV chamber stiffness. These techniques require technical precision
and provide only global estimates, rather than true intrinsic properties of the myocardium (3,
5-7).

There are multiple non-invasive methods to study myocardial deformation (strain), including
echocardiographic strain imaging (8), magnetic resonance imaging (MRI) myocardial
tagging (9), and MRI phase-contrast techniques that measure deformation over a cardiac
cycle, such as displacement encoding with stimulated echoes (DENSE) (10) and strain
encoding (SENC) (11). However, because there is no non-invasive way to measure stress,
these non-invasive measures of strain provide a very incomplete measure of cardiac
mechanics.

Magnetic resonance elastography (MRE) is a novel non-invasive MRI technique allowing
spatial estimation of shear stiffness of soft tissues (12, 13). In MRE, external vibrations are
applied to the body, and shear wave images are produced based on a phase-contrast imaging
technique that uses directionally sensitive motion encoding gradients (MEGs) synchronized
to external vibrations. These measured wave images are subsequently inverted to produce
stiffness maps.

Cardiac magnetic resonance elastography (CMRE) (14-16) was recently described and has
been used to study differences in myocardial stiffness across the cardiac cycle in animal
models (15, 17-19), as well as in humans (14, 20-25). To date, CMRE-derived myocardial
stiffness maps have assumed the LV myocardium to be elastic (18), isotropic (15, 18, 19)
and infinite (18, 24), in order to simplify the equation of motion for estimating effective
stiffness. However, none of the earlier studies have established normal effective LV stiffness
values in volunteers as a function of age.

The goals of this study were to: 1. apply CMRE repetitively to human volunteers to confirm
inter-scan reproducibility of myocardial stiffness measurements; 2. evaluate variations of
LV myocardial stiffness over the cardiac cycle using CMRE; and 3. assess age-dependent
differences in CMRE-determined myocardial stiffhess.

Prior to this study, approval from the Institutional Review Board was obtained. With
informed consent from subjects, CMRE and conventional cardiac MRI were successfully
performed on 29 healthy volunteers (11 female, 18 male), evenly distributed in age from 21
to 73 years (average 39.9+15.3 years). Volunteers were screened and considered healthy, by
reviewing their medical history and excluding the subjects from the study if any major
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health issue was discovered. The exclusion criteria included any type of cardiac disease,
hypertension, as well as lifestyle choices e.g. a history of smoking and excessive alcohol
consumption.

Image Acquisition

Imaging was performed using a clinical 1.5T MRI system (Magnetom Avanto, Siemens
Healthcare, Erlangen, Germany), with a 32-element phased-array cardiac receive coil. The
subjects were positioned head-first supine in the scanner. Peripheral, retrospective gating
was used for acquiring CMRE/MRI images.

Mechanical waves were introduced into the heart using a pneumatic driver system
(Resoundant, Rochester, MN, USA). This system consists of two parts: a remote, acoustic
component acting as the active driver, and a passive component which is placed on the
sternum of the subject. The passive driver is connected to the active portion through a rigid
plastic tube of specified length to send 80 Hz vibrations into the heart as shown in Figure 1.

Balanced steady-state free precession (bSSFP) sequences were performed to acquire scout
images of vertical and horizontal long-axis views covering the heart. A retrospectively
cardiac gated, multi-phase gradient recalled echo (GRE) MRE sequence was developed (15,
18, 19, 26) and used to obtain five short-axis slices covering the LV. CMRE imaging
parameters were as follows: repetition time (TR)=12.5 ms, echo time (TE)=8.7 ms, field of
view (FOV)=400x400 mm?acquisition matrix=256x64, slice thickness=10 mm, flip
angle=25°, generalized autocalibrating partially parallel acquisition (GRAPPA) acceleration
factor=2 with 16 reference lines collected in the same scan, 8 cardiac phases, and 8 segments
(positive and negative motion encodings). Flow-compensated motion-encoding gradients
(MEG) of 160 Hz (period of 6.25 ms) were applied separately in the X, y, and z directions to
encode all directions of external motion in the tissue. The motion sensitivity from 160 Hz
MEG is 1.2 radians per 100um of displacement compared to 5.6 radians per 100um of
displacement for an 80 Hz MEG matched to the external vibration frequency. Four MRE
time offsets were collected to obtain wave propagation. Each acquisition was performed in a
separate end-expiration breath-hold ranging from 18-24 seconds depending on the heart
rate. For all 5 slices and 3 encoding directions (i.e. X, y, z) a total of 15 breathholds were
performed. To complete one exam of CMRE component, an average of 5 minutes were
required.

To study reproducibility, each volunteer was asked to step out of the scanner room and then
return for passive driver repositioning for a second scan with all imaging parameters
remaining the same. Additionally, reproducibility study was also performed in 10 randomly
selected volunteers who were scanned on day 1 and day 3 with same imaging parameters.

Image Analysis

The acquired short-axis CMRE images in all volunteers were traced with epicardial and
endocardial contours to segment the LV myocardium. Visual inspection was used to screen
datasets for appropriate levels of image quality (i.e. phase contrast). Individual results for
each volunteer were evaluated and any non-diagnostic images due to flow, or breathing
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artifacts from inadequate breath-holding, were not considered for analysis. Only in two
cases the data were excluded due to lack of appropriate phase-contrast image quality.

Conventional MRI images were analyzed off-line on an advanced post-processing
workstation (Leonardo, Siemens Healthcare, Erlangen, Germany). The LV cavity was
manually traced in all cardiac phases, with trabeculations and papillary muscles included in
the blood pool. LV volumes and mass were calculated using a modified Simpson’s method
(27). End-diastolic and end-systolic volumes were used to calculate ejection fraction and
cardiac output.

The CMRE wave images were analyzed using a 2D and 3D local frequency estimation
(LFE) (28) inversion algorithm to determine shear stiffness, using MRE-Lab (Mayo Clinic,
Rochester, MN, USA). First, wave images were directionally filtered (29) in 8 directions to
remove reflected waves, and band-pass filtered (0.4m (1 Wave/FOV) to 0.01m (40 Waves/
FOV) as cutoffs) to remove longitudinal waves. Then, a temporal Fourier transform was
performed to obtain the first harmonic displacement field in each encoding direction. Next,
the first harmonic components of the displacement fields were processed to obtain the
weighted stiffness map. Weighting in each orthogonal direction was calculated by
performing ratio of square of first harmonic amplitude in that particular direction to the sum
of squares of amplitudes in all orthogonal directions. Finally, the weighted stiffness map was
obtained by sum of the weights in each direction multiplied by stiffness maps in that
corresponding direction. Finally, an erosion operation was performed to remove edge errors
in the stiffness maps stemming from the inversion, by removing three pixels around the
boundaries of the regions of interest. Means and standard deviations of the effective shear
stiffness were automatically calculated and reported using Matlab (Mathworks, Natick, MA,
USA) for the center slice, and compared between cardiac phases and subjects. The images
with smallest and largest LV cavity were used to identify end-systole (ES) and end-diastole
(ED) for reporting respective stiffness values.

Statistical Analysis

Reproducibility of the CMRE technique was evaluated by the concordance correlation
coefficient r; (30) using STATA13 (StataCorp LP, College Station, TX, USA). A paired
Student’s t-test was performed to determine the significance in difference between ES and
ED stiffness measurements in the overall study population and also between 2D and 3D LFE
stiffness measurements. Additionally, similar to an earlier study (31), a linear regression
model was used to determine a correlation between myocardial stiffness and age in general,
as well as separately between ES stiffness and ED stiffness and age. Furthermore, a linear
regression model was performed to determine correlation between 2D and 3D LFE shear
stiffness measurements. Data were analyzed using Minitab 16 (Minitab Inc., State College,
PA, USA).
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Results

Cardiac Function

During imaging, the heart rates of the 29 subjects ranged from 52-79 beats per minute, with
an average of 65.5£8.2. LV mass was in a normal range (77.3-174.6 g) (32), with an
average of 115.7+26.7 g. Average ejection fractions (57.8+6.3%), and average cardiac
output (4.0£0.8 L/min) for all subjects were also normal.

2D vs 3D LFE Shear Stiffness Measurements

2D LFE stiffness measurements were systematically and significantly higher than the 3D
LFE measurements. Figure 2a shows an example in one of the volunteers where 2D LFE
stiffness measurements were higher than 3D LFE measurements while preserving the cyclic
trend across the cardiac cycle. Figure 2b shows that 2D LFE shear stiffness measurements
were significantly higher (p<0.0001) than 3D LFE measurements and also 2D LFE showed
a systematic linear increase in shear stiffness measurements compared to 3D LFE with a
significant (p<0.0001) correlation of r = 0.91. Therefore, all other results presented in this
manuscript are based on 3D LFE inversion.

CMRE Reproducibility

Good agreement in myocardial stiffness measurements was found between repetitive scans
within the same volunteer. A concordance plot for all repeat measurements performed on the
same day is shown in Figure 3a, which demonstrates good inter-scan reproducibility, with a
concordance correlation coefficient r.=0.77 (p<0.0001) and narrow confidence interval
(95%: 0.71-0.83). Furthermore, a concordance plot for all repeat measurements performed
on different days (i.e. day 1 and 3) is shown in Figure 3b, which demonstrates good inter-
scan reproducibility in a small sample size (10 volunteers), with a concordance correlation
coefficient of r;=0.93 (p<0.0001) and narrow confidence interval (95%: 0.90-0.96).

CMRE-derived ES vs. ED Stiffness

ES myocardial stiffness was significantly higher than ED stiffness. Figure 4 shows stiffness
values and corresponding wave images during ED and ES (top and bottom respectively).
Mean values across the population were measured to be 6.10+1.38 kPa for ES, and
4.99+1.05 kPa for ED, as shown in Figure 5, representing a significant difference
(p<0.0001).

CMRE-derived Stiffness over Cardiac Cycle

Cyclic variation of CMRE-derived myocardial stiffness was observed throughout the cardiac
cycle. Figure 6 shows an example in one of the volunteers, with a higher mean myocardial
effective stiffness measured at ES than at ED.

CMRE-derived Stiffness vs. Age

While no significant correlations between age and CMRE-derived stiffness at either ES
(p=0.18) or ED (p=0.24) were observed increasing deviation between ES and ED stiffness
(i.e. difference in ES and ED stiffness) was observed with a linear correlation(r=0.33,
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p=0.08). Figure 7 shows ES and ED stiffness as a function of age (a), as well as the within-
subject difference between the two (b). It was observed that the separation between ES and
ED stiffness increased approximately 0.014 kPa per year, with a mean separation of
1.12+0.63 kPa.

Discussion

Overall Summary

This study has demonstrated that CMRE is a reproducible technique to estimate myocardial
stiffness, and displays cyclic variation across the cardiac cycle in all volunteers with
significantly higher stiffness during ES compared to ED. A weak linear correlation was
observed between stiffness and age, as well as increasing deviation between ES and ED
stiffness with age. This study is the first of its kind to establish noninvasive normal stiffness
values in LV myocardium, and has laid a foundation for establishing normal stiffness values
in volunteers across age groups.

2D vs 3D LFE Shear Stiffness Measurements

As described earlier, the wave propagation in the LV is not planar and is oblique (18);
thereby necessitating 3D data to estimate the shear stiffness of the LV myocardium. The
oblique wave propagation in the LV myocardium causes 2D inversion to overestimate the
wavelength and thus causing stiffness values to be considerably higher than 3D stiffness
measurements as shown in Figure 2; this has been previously demonstrated by Yin et al.
(33) in estimating liver stiffness. Furthermore, in MRE, shear waves are of primary interest
and therefore longitudinal waves should be removed when processing the data. Applying
curl would eliminate longitudinal waves, which would work very effectively in 3D isotropic
data with many slices. However, since our data is not isotropic and consists of few slices, we
chose instead to apply Butterworth bandpass filter to remove the longitudinal waves, as
implemented in earlier studies (18, 34, 35). Additionally, the filter cutoff’s for bandpass
filter for cardiac application were chosen based on the previous work (18). However, our
future studies will involve developing 3D isotropic acquisition techniques under free
breathing, which would enable us applying curl to remove longitudinal waves.

CMRE Reproducibility

This study demonstrated good reproducibility of the CMRE technique to estimate
myocardial stiffness between repeat scans within the same volunteer. The variation in
stiffness estimates between the two scans is within the acceptable range associated with
physiological change, such as variations in heart rate. Minor differences in heart rate
between repeat scans in a volunteer will have slight variation in stiffness during systolic
phases because of lower temporal resolution in our CMRE sequence.

CMRE-derived Stiffness over Cardiac Cycle

Our findings demonstrated cyclic behavior of LV myocardial stiffness throughout the
cardiac cycle, with significantly higher stiffness measured at ES compared to ED. This
cyclic variation fits within the framework of changing mechanical properties of contracting
myocardium, and changing intra-ventricular pressure — the foundation of pressure-volume
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based measurements. During the systolic phase, an increase in intra-ventricular pressure
causes LV to contract, thereby increasing stiffness. Similarly, the pressure drops during
diastole, allowing the LV to relax, thereby decreasing the stiffness for refilling with blood.
Our findings are consistent with invasive catheter-based measurements of stiffness and
previous reports in animal models (15, 17, 20, 36). Also earlier studies by Elgeti, et al. (17,
20, 21) confirmed that ES stiffness is significantly higher than ED stiffness.

CMRE-derived Stiffness vs. Age

A weak linear correlation was observed between CMRE-derived stiffness and age. A
previous study on contractility by Merino, et al. (37), described a decrease in systolic
function in older subjects compared to younger ones. At the same time, a study by Villari, et
al. found that LV diastolic function is more impaired in elderly patients, while systolic
function is preserved, in a population with aortic stenosis (31). These and other studies with
different patient populations have shown no consistent relationship of ED/ES stiffness to age
(38, 39). Interestingly, in our study an increase in deviation between ES and ED stiffness
was observed with increasing age. We believe this is because the systolic stiffness increases
more than the diastolic stiffness, which is due to the heart having to work harder because of
increase in afterload during systole associated with changes in aortic compliance with
increasing age(35). Furthermore, Elgeti, et al. (21) showed no correlation of CMRE-derived
displacements (i.e. stiffness) to age which agrees with our results.

Viscoelasticity

The current inversion technique (i.e. LFE) used in our study assumes that waves are
propagating in a purely elastic material, while myocardium is actually viscoelastic in nature.
Viscoelasticity refers to materials exhibiting both viscous (ability to absorb energy) and
elastic properties when subjected to stress; these properties are frequency dependent. It is
possible to report complex modulus using direct inversion (DI), where the real part refers to
storage modulus (elastic component) and the imaginary part refers to loss modulus (viscous
component). However, with DI more sensitive to image noise present compared to LFE (28)
(observed in our preliminary analysis of a few samples), we have performed LFE to estimate
only storage modulus (i.e. ‘shear stiffness’), our primary interest in this study. Our future
studies will incorporate inversion technique (40) that estimate viscoelastic properties of the
heart.

Comparison to Previous Studies

Our results cannot be easily compared to previous volunteer studies. Elgeti, et al. have
reported first harmonic amplitudes of the displacement field in a single-slice instead of
spatial stiffness maps (14, 17, 20-23, 41). Additionally, they have applied different
mechanical frequencies compared to that used in this study. However, Elgeti, et al had
demonstrated that ES stiffness (based on shear wave amplitudes) is significantly higher than
ED and showed a good correlation of stiffness to pressure with no significant correlation of
stiffness to age. Overall, our results agree with the results shown by Elgeti, et al. This study
is first to demonstrate application of 3D inversion in normal volunteers to establish normal
stiffness values in volunteers for comparison against cardiac disease states that would alter
myocardial stiffness.
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There are a few limitations in our study. First, LV is considered to be isotropic in the
inversion. However, LV myocardium is known to be anisotropic and the current spatial
resolution in our experiments using current methodology does not allow us to estimate
anisotropic stiffness; unless we perform waveguide MRE (i.e. Diffusion tensor imaging and
MRE) to resolve fiber direction with high spatial resolution to obtain anisotropic stiffness.
Second, the inversion also assumes that the LV is purely elastic to estimate effective shear
stiffness. As mentioned above, LV is always viscoelastic and other inversion such as DI can
report both shear and loss modulus, but is very sensitive to noise compared to LFE.
Additionally, earlier studies have used LFE (assuming purely elastic media) to estimate the
stiffness of liver (34), brain (42), breast (43), and aorta (35) because of its insensitivity to
noise, despite them being viscoelastic similar to that applied in the LV in this study. Third,
the geometry of the heart is not taken into account in inversion. Shear waves propagate in a
complex pattern through the LV myocardium (i.e. neither parallel nor transverse to fibers)
due to: 1. the heart’s inherently complex geometry, with time-dependent shape changes; 2.
changing myocardial stiffness over the cardiac cycle; and 3. influence of variable
positioning of the vibration source. This affords LFE a distinct advantage in quantitating
effective shear stiffness of the myocardium. However, to study the effect of LFE on
geometry, finite element modeling (FEM) was performed in a viscoelastic spherical shell
phantom with varying diameter and thickness as described elsewhere (18) with varying
input stiffness estimates (1-20kPa) to generate displacement field at 80Hz. It was observed
that LFE produced robust stiffness estimates up to thickness of ~1cm (Figure S1: Supporting
material). At 0.5cm thickness the stiffness measurements started to deviate from true value
when the input stiffness values were ~>10kPa (results shown as supplemental material). In
the current study, only 2 volunteers had thickness of 0.6cm and 0.7cm during ED which is
near 0.5cm. However, in general the stiffness measurements in our study are far below
10kPa to have any significant variation in stiffness estimates when using LFE even in these
two volunteers. Hence, for all the above reasons the reported stiffness values are not
absolute but termed “effective”. Fourth, only the center slice was used to report the effective
stiffness measurements in order to avoid the effects stemming from the lognormal filters
being used in the LFE algorithm. Finally, variation in blood pressure (not obtained during
scan) between repeat scans is not accounted for in understanding the variation in stiffness.
However, extensive medical screening was performed, which included excluding subjects
with a history of hypertension. Furthermore, any variation in heart rate between repeat scans
in a volunteer will have slight variation in stiffness during systolic phases because of lower
temporal resolution in our CMRE sequence. Despite these limitations we have observed 1)
relative robustness of our technique; 2) cyclic variation of stiffness throughout the cardiac
cycle; and 3) stiffer myocardium during ES compared to ED, consistent with previously
reported results.

Future work should include developing an inversion algorithm that could incorporate
geometry of the LV and viscoelastic behavior and anisotropy to report absolute stiffness.
Additionally, the development of a 3D-CMRE sequence that acquires all components of the
displacement field in 3 breath-holds using advanced parallel imaging strategies in contrast to
the current 2D sequence which requires 15 breath-holds for 5 slices is sought. Furthermore,
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it would be of interest to study different cardiac disease states, such as systolic and diastolic
heart failure, using CMRE-derived stiffness measurements and compare it against
established normal values reported in this study.

In conclusion, it was found that cyclic stiffness changes are observed in the human heart
during the cardiac cycle with significantly higher ES stiffness compared to ED. While a
diverging trend between ES and ED stiffness is seen as a function of age, future studies are
warranted to further study age-related stiffness in specific populations. This study is first of
its kind to establish normal stiffness values of the LV myocardium for ED and ES phases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of the MRE driver setup. Acoustic waves are transmitted from the active to the

passive driver through a plastic tube to induce noninvasive vibrations into the myocardium.
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Figure 2.

Left ventricular myocardial shear stiffness measurements obtained using 2D and 3D LFE
inversion. a) Shows cyclic variation of stiffness measurements using 2D and 3D LFE in one
of the volunteers. b) Plot shows that 2D LFE measurements are significantly higher than 3D
LFE measurements.
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Concordance plot demonstrating the correlation of stiffness measurements between inter-
scans. a) Concordance correlation coefficient r.=0.77 with p<0.0001 and narrow confidence

interval (95%: 0.71-0.83) when performed on same day. b) Concordance correlation

coefficient r.=0.93 with p<0.0001 and narrow confidence interval (95%: 0.90-0.86) when
performed on separate days (day 1 and 3). Solid: regression line; dotted: line of perfect

concordance.
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Figure 4.
Short axis magnitude images of the LV myocardium (a, f), and snapshots of waves traveling

in the three orthogonal planes (b—d, g—i), during ED (top) and ES (bottom) respectively.
CMRE-derived stiffness maps are shown on the right (e,j). Increased stiffness is visible
during ES compared to ED. Colorbar: displacement field in radians; stiffness map in kPa.
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Figureb5.
Plot of CMRE-derived stiffness values during ES and ED. Mean ES stiffness (6.10+1.38

kPa) in all volunteers was significantly higher than ED stiffness (4.99+1.05 kPa).
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Figure6.
Plot shows cyclic variation of CMRE-derived LV stiffness over the cardiac cycle ina 71

year-old female volunteer. ED is marked as an open triangle, ES as a solid circle.
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Figure7.

Plot of CMRE-derived ES stiffness (solid circles) and ED stiffness (open triangles) in all
volunteers as a function of age (a), and difference in ES/ED stiffness as a function of age

(b).
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