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Abstract Cardiac magnetic resonance (MR) elastography
noninvasively provides mechanics-based image contrast.
The measurement of mechanical parameters is otherwise pos-
sible only by palpation or invasive pressure measurement.
Measurement of parameters of myocardial shear stiffness is
considered to be diagnostically beneficial especially in pa-
tients with diastolic dysfunction due to diffuse myocardial
disease. Initial results of several single-center studies in ani-
mals, healthy volunteers, and patients suggest that cardiac MR
elastography is capable of measuring shear stiffness-related
diagnostic parameters. The following article shortly reviews
the two main approaches used for cardiac MR elastography
and outlines the results of the studies performed so far.
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Introduction

The pumping function of the heart relies on the periodic
alteration in myocardial shear modulus.

Ventricular blood ejection, blood circulation, and pressure
generation are maintained by the alteration in myocardial
shear modulus—the driving force of our vascular system.
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Magnetic resonance elastography (MRE) of the heart aims at
measuring myocardial shear modulus in a noninvasive,
image-resolved way. Therefore, cardiac MRE is a unique
medical imaging modality that directly probes the source of
cardiac function.

Cardiac failure is a considerable health burden and con-
sumes a large share of medical resources. In the United States,
more older persons are hospitalized for heart failure than for
any other medical condition [1]. Its prevalence increases with
age [2], and an estimated 5 million persons in the US and 23
million people worldwide [3] are considered to be affected. It
is expected that, with increased aging of the population, the
impact of heart failure will rise significantly [1]. To guide and
monitor future therapy, proper diagnosis and follow—up of
cardiac function are essential.

Traditionally, the diagnosis of cardiac failure has relied
on the measurement of left ventricular ejection fraction (LV-
EF). Using this approach, cardiac failure with preserved and
reduced LV-EF is distinguished. The more severe the sys-
tolic dysfunction, the more the EF is reduced and, in gener-
al, the greater the end-diastolic and end-systolic volumes
[4]. Medical imaging serves to mathematically calculate EF
by dividing the stroke volume by end-diastolic volume [4].
While this approach is sufficient to diagnose systolic func-
tion, it is more difficult to assess diastolic function. It is
known that, in more than half of cases, cardiac failure
affects diastolic function [5].

In the past, measurement of volume—pressure- curves [6, 7]
were considered the standard of reference for evaluation of
diastolic function. Pressure changes in the cardiac chambers
result from myocardial contraction and relaxation. Hence,
pressure-time curves are directly related to the evolution of the
myocardial shear modulus over the cardiac cycle. This measure-
ment is an invasive procedure that is limited in daily clinical
practice by the hazardous aortic valve passage in elderly patients
[8]. Furthermore, the differentiation between intrinsic
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myocardial changes and extrinsic factors (e.g., pericardium and
right ventricle) can be challenging [7]. Therefore, echocardiog-
raphy with tissue Doppler techniques serves as the standard of
reference in clinical routine, supplemented by serological pa-
rameters (BNP, pro-NT-BNP) [4].

Cardiac MR imaging can visualize myocardial perfu-
sion and the distribution of myocardial scar, enabling
differentiation between ischemic and nonischemic cardiac
disease [9, 10].

Nevertheless, noninvasive diagnosis of diffuse structural
myocardial changes continues to be difficult, since distinct
macroscopic features, as seen by conventional imaging
techniques, have limited predictability. Cardiac MR imag-
ing is considered the standard of reference for assessment of
myocardial volumes and mass. Volume-time functions of
the ventricle can therefore serve to assess not only systolic
ejection fraction but also time-volume changes during dias-
tole [11]. Recent technical advances have led to cardiac
imaging techniques that allow performing breath-held mea-
surement of transmitral flow [11]. Tagging is a further MR-
based method which has been established for evaluation of
the diastolic phase of the cardiac cycle [12]. All of these
methods characterize myocardial tissue structure only indi-
rectly and cannot quantify myocardial shear modulus.
Quantification of elastic constants ultimately requires
knowledge of both the stress field and strain distribution
in the tissue under investigation. While measurement of
strain is feasible by several of the aforementioned imaging
modalities, cardiac stress can only be directly measured by
invasive pressure probes mounted on catheters or by extrin-
sic activation using time-harmonic stress waves, which
propagate through the thoracic wall into the heart and are
utilized by MRE.

At this point, it should be mentioned that ultrasound-based
cardiac elastography is an active area of research. Aspects of
this technique that have been investigated include model
assumptions about the elastic behavior of the myocardium
[13], the measurement of the shock wave induced by aortic
valve closure [14], and tissue activation by acoustic radiation
forces or external oscillatory stress [15—17]. The principle of
ultrasound elastography based on time-harmonic stress waves
is similar to that of MRE and was derived by knowledge
gathered in MRE [17].

Today, MRE is in clinical use for staging liver fibrosis. The
results of pilot studies indicate that MRE allows differentia-
tion between benign and malignant lesions in the breast, liver,
and prostate [18-20]. Furthermore, MRE of the brain has
shown to be sensitive in detecting early changes in multiple
sclerosis [21]. In the heart, it is expected that MRE can
improve the diagnosis of early forms of diffuse structural
changes of the myocardium causing diastolic dysfunction
and relaxation abnormalities [22, 23]. Several recent studies
have shown that cardiac MRE is feasible [13, 24-26].
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The Method of Cardiac MRE

A conventional elastography experiment incorporates three
major technical steps:

1. Mechanical tissue stimulation,

2. Measurement of the resulting deformation by MRI or
ultrasound, and

3. Image analysis based on strain analysis or inversion of the
wave equation [20].

Mechanical Tissue Stimulation

Various strategies using ultrasound or MRI for performing
cardiac elastography have been pursued to assess alterations
in myocardial elasticity during the cardiac cycle in a noninva-
sive way. Basically, three concepts of mechanical activation
(i.e., application of stress) of the in vivo heart muscle for
elastographic examinations have been used: a) intrinsic activa-
tion of the myocardium [13, 14, 27-29], b) internal stimulation
of shear waves based on focused ultrasound impulses [15,
30-33], and c) externally induced shear waves from a time-
harmonic vibration source [17, 34-36]. The wave sources used
were loudspeakers attached to rigid pistons or pneumatic tubes
for transferring acoustic energy onto the anterior chest wall.
Time-harmonic shear waves in the low audible frequency range
of 25 to 80 Hz can readily be introduced into the chest without
significant attenuation. Moreover, the deposition of mechanical
energy is negligible at low audio frequencies, since the contin-
uous flux of shear wave energy through the tissue scales with
the squared excitation frequency [37]. However, these advan-
tages of low-frequency time-harmonic vibrations are bought at
the cost of resolution since the thickness of the heart wall is
smaller or on the same order as the length of the shear waves
being measured. In such finite geometries, the propagation
speed and the dispersion of shear waves depend on both intrin-
sic properties and the geometry of the medium [38].

Deformation Measurement

The resulting strain fields can be measured using ultrasound
[39, 40] or MRI [41, 42]. Medical ultrasound is rather inex-
pensive, robust, and capable of strain estimation in real time.
However, strain measurement is restricted to axial displace-
ment. Phase-contrast MRI is known for quantification of
blood flow and motion [43]. Phase-contrast MRI has the
advantage of being intrinsically sensitive to motion in three
dimensions, which is particularly useful for elastography.
However, cardiac MRE still suffers from relatively long scan-
ning times since wave images are acquired using k-space-
segmented gradient echo sequences in synchrony with the
electrocardiogram (ECG) over multiple heart beats [35,
44-46]. This periodicity of signal acquisition requires a
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periodic mechanical stimulus matched to the repetition time of
the MRI sequence. For this reason, the time-harmonic wave
approach is most appealing in cardiac MRE since the syn-
chronization of image acquisition and periodic mechanical
stimulation cause steady states in both MR signal dynamics
and mechanical tissue response [44, 47]. The mechanical
steady state sustains a constant flux of wave energy through
the heart, which is a prerequisite for analyzing the variation of
shear wave amplitudes over the cardiac cycle.

Image Analysis (WI- and WAV-MRE)

Similar to other applications of MRE in the brain or liver,
cardiac MRE is based on low-frequency time-harmonic vibra-
tions. Unlike in bulky organs, shear waves in the heart are
influenced by multiple nearby boundaries causing diffraction
and waveguide effects. As a consequence, direct inversion of
the time-harmonic wave equation for calculating quantitative
stiffness maps is not feasible. Instead, one has to account for
boundary conditions by modeling the myocardial wall by a
plate [26, 48] or a thin shell [49, 50]. Algorithms for wave
inversion (WI) in cardiac MRE remain the subject of investi-
gation [50, 51]. A simplified analysis of time-harmonic waves
accounts for shear wave amplitudes being altered due to the
variation of the shear modulus in an unbounded, linear elastic
and isotropic medium [45]. As a result, the relative variation in
myocardial elasticity during the cardiac cycle is obtained. The
advantage of the inversion-based approach is that it provides
shear modulus values comparable to other MRE applications
(in kPa). However, limitations arise from model assumptions
such as wall thickness and singularities of the wave function at
the poles of the sphere. In contrast, analyzing wave amplitudes
does not require inversion and is thus less prone to time-varying
boundary conditions in the heart. Although this approach im-
plies many elastodynamic assumptions such as constant flux of
shear wave energy through the heart, this so-called wave am-
plitude variation effect (WAV) was consistently observed
in vivo by MRI and ultrasound [17, 34, 45, 52, 53¢, 54]. In
current implementations, neither wave inversion-based cardiac
MRE (WI-MRE) nor WAV-MRE accounts for anisotropic,
hyperelastic, and poroelastic tissue properties. Diagrams on
the principle of WI- and WAV-MRE are displayed in Fig. 1.

The technical key points of cardiac MRE can be summa-
rized as follows: Time-harmonic waves between 25 Hz and
80 Hz are produced by distant wave sources and introduced
into the chest by passive nonmagnetic transducers. Wave
fields are acquired by gradient echo (GRE) sequences in
synchrony with the periodicity of the mechanical vibration.
Mechanical parameters are reconstructed by inversion of
spherical waves within a thin shell or by analyzing the varia-
tion of shear wave amplitudes over the heartbeat. In the
following, the two methods are referred to as wave inversion
(WI) and wave amplitude variation (WAV) MRE.

Studies Performed Using Cardiac MR Elastography
WI-MRE [35, 49, 55, 56]
Phantom Experiments

In 2009, two phantom studies performed on a ventricular
model of the heart [49, 55] showed a high correlation for
MRE-derived data. Kolipaka and co-workers showed that,
for cyclic pressure changes at 1 Hz ranging from 55 to
90 mmHg in a spherical silicon rubber phantom, MRE-
based measures of shear stiffness highly correlated with
values obtained using the pressure-volume model [49]. In a
second study, changing heart rates ranging from 18-72 bpm
were investigated. Stiffness estimates using a multiphase
MRE-GRE sequence were stable as long as the fraction of
the deformation period required for acquisition of a single
image was not greater than 42 %. The instability of the
multiphase-GRE-MRE sequence with higher view sharing
might be attributed consecutively to the reduced temporal
resolution and averaging [55].

Animal Experiments

Following this work, the same study group investigated dif-
ferent driver configurations for MRE experiments in six pigs,
and they compared MRE findings with LV pressure measure-
ments. At 80 Hz excitation frequency (TR=12.5 msec), 20
phases of the cardiac cycle were reconstructed for different
heart rates ranging between 63 and 100 bpm. A good correla-
tion of LV pressure and MRE-derived stiffness values (R*=
0.84) was shown. The authors conclude that MRE has the
potential for estimating effective myocardial stiffness through-
out the cardiac cycle [35].

In 2011 and 2012, Kolipaka and co-workers published
two studies, in which they investigated end-diastolic and
end-systolic phases further. End-diastolic LV pressures
were altered by different loading conditions (by dextran
infusion). LV pressures were found to correlate linearly
with MRE-derived effective stiffness measurements in
four pigs (80 Hz excitation frequency, R?=0.73-0.9) [57].

Investigations of end-systolic stiffness were performed
in five animals [56]. Here, the authors showed, by finite
element modeling (FEM), that phase gradient inversion
could be performed on wall thicknesses of more than
15 mm. End-systolic effective stiffness was altered by
epinephrine infusion so that heart frequency increased
(85-188 bpm). In four animals, MRE-derived effective
stiffness values showed a high correlation with heart rate,
while a temporal resolution of 50—100 ms was achieved
for the excitation frequency of 80 Hz (= TR*VPS; 12.5%4
to 8). In the fifth animal, no correlation (R*=0.1) was
found [56].
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Fig. 1 Diagrams of WI-MRE
(top) and WAV-MRE (bottom).
The WI-MRE approach uses
excitation frequencies of 60—

80 Hz, resulting in a temporal
resolution of 50100 ms in the
heart. With WAV-MRE a lower
frequency shear waves (e.g., 23—
25 Hz) is sampled at multiple
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Feasibility Study in Normal Volunteers and Patients

In 2011, Kolipaka and co-workers presented a feasibility study
conducted in healthy volunteers and patients with hypertrophic
obstructive cardiomyopathy at the ISMRM meeting in Montre-
al [58¢]. With the technique previously tested in animals, ten
cardiac phases were reconstructed in 18 healthy volunteers and
two patients with hypertrophic obstructive cardiomyopathy
(HOCM) in two short axes of the heart. The breath-hold tech-
nique—e.g., of about 14 seconds in end-xpiration — showed that
calculated mean effective stiffness in normal volunteers ranged
between 3.5 and 7.9 kPa compared with stiffness values of 12
to 17.2 kPa in the two HOCM patients. An example of WI-
MRE in a healthy volunteer is given in Fig. 2.

WAV-MRE

Correlation with Left Ventricular Pressure Measurement
in Animals [52]

To estimate the sensitivity of cardiac MRE to left ventricular

pressure, the time-resolved wave amplitudes measured by
cardiac MRE were compared with invasive pressure
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measurements taken by tip manometer in three minipigs. In
all the animals, a time-dependent change in wave amplitudes
in the left ventricle was noted. During systole lower shear
wave amplitudes were observed, and during diastole higher
wave amplitudes were measured. A good reciprocal correla-
tion was shown between wave amplitudes and LV pressure
(R2=0.76, 0.90, and 0.96). In contrast, no correlation was
found between LV diameter and pressure measurements (R2<
0.15). Shear wave amplitudes changed before left ventricular
diameter changes occurred. The measured ratios of wave
amplitude changes between systole and diastole were 2.0—
2.8, resulting in calculated pressure differences of 60—
73 mmHg.

Findings in Healthy Volunteers [34]

In a study of eight healthy volunteers, cardiac MRE was
performed using the change in induced shear wave amplitude
as a relative measure of left ventricular pressure changes. As
in the animal experiments, shear wave amplitude decreased
during systole and increased during diastole. To compare
these changes within and between participants, a model based
on elastic wave theory and spherical shear stress was derived
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Fig. 2 Example of WI-MRE
showing derived mean stiffness
values of 9.1£2.1 kPa for end-

End-Systole:

systole and values of 6.4. 9.1+2.1kPa
+1.6 kPa for diastole in a short
cardiac axis view. Image courtesy End-diastole:

of A. Kolipaka, PhD, The Ohio

State University 6.4+1.6kPa

Mean Stiffness:

Mean Stiffness:

to deduce wave amplitudes and MRE derived pressure at two
different time points. Subsequently, the systolic wave ampli-
tudes measured were correlated with systolic blood pressure
measured noninvasively at the left arm. The pressure changes
calculated from MRE were plotted against the left ventricular
volume changes. The area enclosed by this graph showed a
mean pressure-volume work of 0.85+0.11 joule/heartbeat in
eight healthy volunteers, which correlated well with data from
the literature [59, 60].

Diastolic Dysfunction and Cardiac Time Intervals [53°]

Times of isovolumetric contraction and relaxation and the
resulting indices (e.g., Tei index) can be used to describe
overall cardiac function [61, 62]. A study of 35 healthy
volunteers and 11 patients with relaxation abnormalities

investigated MRE for determining isovolumetric cardiac
time intervals. The magnitude of the complex signal was
used to deduce morphological information, and magnitude
combined with the phase of the complex signal was used
to derive tension-relaxation information of systole and
diastole. Wave amplitudes decreased during systolic con-
traction and increased during diastolic relaxation of the
left ventricle. The changes in wave amplitude occurred
well ahead of the morphological changes (Fig. 3). In
healthy volunteers the mean cardiac time intervals of
systole and diastole were 136436 ms and 75431 ms,
respectively. In patients with diastolic dysfunction, the
systolic cardiac time interval was 161+45 ms, which is
within the same range (P=0.0053). The diastolic time
interval was 133+57 ms and significantly prolonged
(P<0.001).
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Fig.3 Reproduced from Elgeti T et al., Elasticity-based determination of
isovolumetric phases in the human heart, Journal of Cardiovascular
Magnetic Resonance 2010,12:60; Figs. 2 and 3. On the left side the
evaluation of the complex MRE signal for deducing morphological
changes as well as variations in myocardial elasticity during the cardiac
cycle is displayed. a: Ninety magnitude images M(¢) were generated
from 360 magnitude images M(¢) by temporal averaging. The left ven-
tricular cross-sectional area (& ;’) was segmented. b: Calculation of wave
amplitudes U(¢) from 360 raw-phase images ¢(x,¢) involves three major

steps: 1) unwrapping, ii) integration, and iii) Hilbert transform and display
as magnitude U(¢). ¢: Illustrates the timing of image acquisition relative
to a vibration period. The curves on the right side represent the temporal
course of a healthy volunteer, outlining the changes in wave amplitude
U(t) (broken line) and the morphological changes in the left ventricular
cross sectional area o (t) (solid line). The changes in wave amplitude
precede the morphological changes in left ventricular cross sectional area
in systole (T4) and diastole (Tg)
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a

d

Fig.4 Short cardiac axis of the heart with maps of a normal volunteer (b)
and a patient with severe diastolic dysfunction (d). The corresponding
magnitude reconstruction images from the complex MRE signal in the
same slice orientation are given in (a) and (c). The red line outlines the

Diastolic Dysfunction [63]

As it is known that myocardial stiffness increases not only
with myocardial disease [64] but also with age [65], a young
and an old healthy group (mean age of 31.7 years versus
54.8 years) were compared to patients with diastolic dysfunc-
tion [63]. This was done by generating maps from the cardiac
MRE experiments comprising all three Cartesian components.
The maps were generated using the time-gradient operator
for linear high-pass filtering and phase unwrapping, which
was followed by temporal Fourier transformation for

outer contour of the left ventricle during systole. The region of interest
normalizing the induced shear waves anterior of the heart anterior of the
heart is outlined in green

separating the induced 24.3 Hz shear vibration from intrinsic
cardiac motion and blood flow. As excitation amplitudes were
adjusted to the individual subjects’ comfort and as patients
had a higher body mass index (BMI), the wave amplitudes
measured in the left ventricle were normalized by wave am-
plitudes anterior to the heart, adjacent to the right ventricle.
Two different maps of a healthy volunteer and a patient with
diastolic dysfunction - are displayed in Fig. 4.

A feasibility study [63] followed by a study of 30
patients with different stages of diastolic dysfunction
[66°¢] showed that normalized shear wave amplitudes

bSSFP-magnitude image

bSSFP-intensity I(r,1)

Fig. 5 Reproduced with kind permission of Wiley Periodicals Inc from
Elgeti T et al. Magn Reson Med 67:919-924, 2012, Vibration-Synchro-
nized Magnetic Resonance Imaging for the Detection of Myocardial
Elasticity Changes; Fig. 2. a: Systolic short axis view of the heart using
a magnitude image derived from a bSSFP acquisition to display cardiac
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anatomy and the position of profile r. b: Profile r shown in (a) plotted
over time using an M-mode like view. Vibrations due to the externally
induced motion are very well visible in the chest wall, the anterior
boundary of the right ventricle, and the interventricular septum
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decrease with age. In patients, a significant decrease in
normalized shear wave amplitudes is found. In this study
a cutoff-value of 0.43 mm an AUROC value of 0.92 with
90 % sensitivity and 89.7 % specificity identified patients
with diastolic dysfunction when compared to echocardi-
ography as standard of reference.

Perspective: Vibration-Synchronized Magnetic Resonance
Imaging (vsMRI) [36]

The strategy of WAV-MRE could readily be incorporated
into a vibration synchronized morphological image acqui-
sition sequence. In the approach of vibration-
synchronized MRI (vsMRI) a cardiac triggered cine
steady-state imaging sequence (bSSFP) synchronized with
external harmonic motion displays oscillatory tissue de-
formations in magnitude images. The induced vibration
(22.83 Hz) matched 12 repetition times (TR=3.65 ms) of
the sequence. Data are acquired in 1.752 s per phase-
encoding step (= 480 TR) so that more than one RR-
interval is accomplished. During this time, a single
phase-encoding step was performed for each image, while
the chest was continuously vibrated by 40 cycles (i.e.,
480/12) of the sinusoidal actuator motion. Imaging was
performed with a matrix size of 256x192, a 400300 mm
field of view, a high in-plane resolution of 1.56 mm, and
5 mm slice thickness. By using parallel imaging acquisi-
tion techniques (GRAPPA, acceleration factor of 2), 108
phase-encoding steps were captured in about 7.5 min
during controlled breathing.

Shear wave frequencies below 25 Hz penetrate the body
without any major attenuation. Therefore, deflections ap-
proach the order of millimeters throughout the body. The
externally induced motion is on the order of in-plane resolu-
tion of commonly used clinical MRI techniques. Oscillations
therefore become visible in the morphological contrast of
magnitude reconstructions. When a bSSFP sequence is used,
the wave amplitude can best be measured at the
endomyocardial-blood interface due to intrinsically high con-
trast between blood and myocardium. An image example
showing analysis of signal intensity over time is given in
Fig. 5. Unlike the conventional MRE techniques discussed
earlier (i.e., both wave length-based and wave amplitude-bed
approaches), vsMRI requires no-phase contrast technique
with motion encoding gradients for encoding the oscillatory
motion. A conventional MRI sequence synchronized to the
induced tissue vibrations serves to measure myocardial stiff-
ness changes. As MEGs are not necessary, echo time and
repetition time are shortened, and signal relaxation and sus-
ceptibility artifacts are reduced, while the temporal resolution
of cine imaging is improved.

Limitations

Up to now, a limited number of researchers have applied
cardiac MRE or have developed methods of their own for
in vivo stiffness measurements in the heart indicating the
strong experimental background of this promising technique.
Therefore, the reported number of animals, volunteers, and
patients investigated by cardiac MRE is still too small for the
transfer of the method into the clinic. Further validation is
urgently needed.

A major drawback of WI-MRE is the low temporal
resolution of 50-100 ms. Although it is possible in prin-
ciple to obtain quantitative values of shear stiffness, up to
now only “effective” quantitative stiffness values have
been reported for WI-MRE, since different influencing
conditions such as intrathoracic pressure changes, pre-
and afterload of the heart during the experiment are not
known [35].

A major drawback of WAV-MRE is the need for normali-
zation of wave amplitudes, yielding a relative measure of the
time-varying shear modulus. As such, the shear waves mea-
sured by WAV-MRE can be regarded as a novel source of
image contrast sensitive to mechanical tissue properties and
intraventricular pressure rather than a measure for quantifying
tissue stiffness.

Conclusion

Cardiac MRE is capable of providing mechanical image con-
trast sensitive to the shear-elastic properties of the myocardi-
um. Since ventricular pressure arises from alterations in the
shear modulus of the myocardial wall, MRE images can
reveal the evolution of pressure during the cardiac cycle
noninvasively. Therefore, cardiac MRE is considered particu-
larly useful for the diagnosis of relaxation abnormalities char-
acterized by an elevated pressure during the diastolic cardiac
phase. To date, multiple validation studies performed on
phantoms, animals, and healthy volunteers have been pub-
lished as well as initial results obtained in patients with
diastolic dysfunction. Larger groups of patients need to be
investigated to determine the diagnostic power of cardiac
MRE.
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