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Abstract

Viscoelastic properties of the myocardium are important for normal cardiac function and may be
altered by disease. Thus, quantification of these properties may aid with evaluation of the health of
the heart. Lamb Wave Dispersion Ultrasound Vibrometry (LDUV) is a shear wave-based method
that uses wave velocity dispersion to measure the underlying viscoelastic material properties of
soft tissue with plate-like geometries. We tested this method in eight pigs in an open-chest
preparation. A mechanical actuator was used to create harmonic, propagating mechanical waves in
the myocardial wall. The motion was tracked using a high frame rate acquisition sequence,
typically 2500 Hz. The velocities of wave propagation were measured over the 50-400 Hz
frequency range in 50 Hz increments. Data were acquired over several cardiac cycles. Dispersion
curves were fit with a viscoelastic, anti-symmetric Lamb wave model to obtain estimates of the
shear elasticity, g1, and viscosity, i, as defined by the Kelvin-Voigt rheological model. The
sensitivity of the Lamb wave model was also studied using simulated data. We demonstrated that
wave velocity measurements and Lamb wave theory allow one to estimate the variation of
viscoelastic moduli of the myocardial walls 7n vivo throughout the course of the cardiac cycle.

Introduction

Mechanical properties of the myocardium and ventricular chambers are important for
normal filling of the heart with blood during diastole. Alterations within the
microenvironment of the myocardial tissue caused by the disease process can change tissue
properties and cause dysfunction [1-6]. Thus, direct and noninvasive quantification of tissue
viscoelasticity might help with evaluation of the health of the tissue.

Over the last three decades many invasive and noninvasive methods have been developed to
measure the fundamental mechanical properties of the heart [6—10]. Tagged magnetic
resonance imaging (tMRI) was introduced to measure the three-dimensional motion and
deformation (strain) of the heart [11]. Magnetic resonance elastography (MRE) is an
elasticity imaging method that uses an external actuator to create propagating shear waves in
soft tissues [12]. The shear wave motion is measured using motion encoding gradients and
different phase offsets to assess the harmonic magnitude and phase of the shear waves. This
method has been used for cardiac applications [13—17]. The group led by Sack examined the
shear wave amplitude through the cardiac cycle to find variations between systole and
diastole [13, 14]. Kolipaka and colleagues developed a model-based approach to evaluate
the stiffness of spherical and plate models and in vivo cardiac tissue [15-17].
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Ultrasound imaging has been used extensively to quantify normal and abnormal cardiac
motion. Tissue Doppler imaging, strain rate echocardiography, and two-dimensional speckle
tracking have demonstrated their usefulness in evaluating functional properties of the heart
[18-21]. Strain echocardiography has also been used to estimate local differences in
myocardial elasticity (stiffness), for instance, between normal and infarcted tissue [22]. A
method called myocardial elastography is an extension of strain imaging applied to the heart
[23-25]. This method has been validated against tMRI [25], and has been shown to be
angle-independent in the assessment of strain. Another technique called electromechanical
wave imaging has emerged to explore the contraction of the heart in a comprehensive
manner [26-29]. Kanai proposed a method using the wave motion within the heart to
measure the viscoelastic properties of the ventricular septum based on wall vibrations
caused by the aortic valve closure [30, 31].

The aforementioned ultrasound-based methods use the endogenous motion of the heart for
evaluation. Other ultrasound techniques take an approach similar to that of MRE and use an
external force to perturb the tissue and then measure the motion or shear waves that are
produced by the external force. Focused ultrasound has also been used to produce acoustic
radiation force which can move tissue on the order of tens of microns [32]. This motion can
be measured at the point of the force production as in the technique called Acoustic
Radiation Force Impulse (ARFI) imaging [32], or the resulting shear wave motion and
propagation velocity can be measured as in methods such as Shear Wave Elasticity Imaging
(SWEI) [33], Supersonic Shear Imaging (SSI) [34], and Shearwave Dispersion Ultrasound
Vibrometry (SDUV) [35, 36].

ARFT has been applied in normal 7n vivo canine hearts to measure the radiation force-
induced motion amplitude through the cardiac cycle [37]. A metric called the displacement
ratio rate was used to assess the relative stiffness of the cardiac tissue by comparing different
acquired responses using motion induced by radiation force [38]. ARFI imaging has also
been applied for assessment of ablated cardiac tissue with the premise that the ablated tissue
has a higher stiffness than the normal tissue and less motion will be observed in the ablated
region versus the surrounding normal tissue [39, 40].

Shear wave based methods have also been used in open-chest animal experiments and
perfused isolated hearts [38, 41-43]. The SWEI and SSI methods used a time-of-flight
method to measure the shear wave group velocity and found that it varied through the

cardiac cycle.

Most of the methods described above treat the heart as an elastic material. However, the
heart is inherently viscoelastic and a complete characterization of the myocardium requires
the contribution of viscous properties. Chen, ef al., proposed a method called SDUV to
characterize the viscoelasticity of tissue, taking advantage of the variation of the shear wave
velocity with frequency, which is called dispersion [35, 36]. Therefore, if measurements of
shear wave velocity can be made at several frequencies, a model can be used to fit the
dispersive wave velocities to obtain the shear elasticity and viscosity. SDUV has been used
to evaluate the viscoelastic properties of ex vivo tissues like porcine and bovine skeletal
muscle, porcine kidney, human prostate and in vivo porcine liver as reviewed recently [44].

One of the critical aspects of assessing the viscoelastic material properties of the heart is to
have quantitative measures. Methods that rely on the displacement amplitude or strain
including some MRE studies [13, 14], strain imaging [18-25], and ARFI imaging studies
[37—-40] provide a relative mapping of stiffness, relying on the premise that when tissue is
soft then displacement will be large and, when tissue is stiff, the displacement will be small.
This could be useful when there is a region that is different from the surrounding tissue such
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as an ablated or infarcted region, but if the whole myocardium has elevated stiffness, then
these methods may not be as effective.

The wave-based methods described above including MRE, SWEI, SSI, and SDUV provide a
quantitative evaluation of material properties because the wave equation can be solved
locally and does not require knowledge of the input stress distribution. Most of these wave-
based methods assume that the medium is of infinite extent, that compressional waves can
be ignored, and that wave reflections are not present. MRE is unique in this category
because three-dimensional data can be acquired and a curl filtering operation can be applied
to eliminate compressional waves [45]. Also, directional filtering techniques have been used
to eliminate effects of reflected waves in MR- and ultrasound-based shear wave applications
[46, 47]. However, the thickness of the left ventricular (LV) wall is 7-15 mm which is on
the same order as the wavelength of the waves being measured (10-50 mm). Because the
wavelengths of the shear wave are larger or on the same order as the dimensions of the heart
wall, the boundaries and wave reflections become important [48-50].

To take these boundary conditions into account, different models have been proposed. In the
case of MRE, one group has used model-based approaches to fit the measured displacements
and solve for the elastic modulus using a spherical shell model [15-17].

Kanai was the first to employ the Lamb wave equations of motion to estimate myocardial
viscoelasticity. He measured the wave propagation in the ventricular septum after the
closure of the aortic valve, and modeled the wave motion with a plane antisymmetric Lamb
wave model assuming that the septum was a viscoelastic plate of uniform thickness [30]. In
this antisymmetric mode the top and bottom surfaces of the plate move in the same direction
at a given position in the x-direction (Fig. 1). In that study, the shear elasticity and viscosity
of the septum were estimated over a bandwidth from 10-90 Hz.

Lamb wave modeling was extended by Nenadic, ef al., and combined with SDUV
techniques [35, 36] and named Lamb wave Dispersion Ultrasound Vibrometry (LDUV)
[48]. This method addresses both of the sources of wave velocity dispersion present in
viscoelastic media of finite thickness. The first source of wave velocity dispersion is the
intrinsic viscoelasticity of the material that is measured with SDUV. The second source of
wave velocity dispersion occurs in materials of finite thickness, because of interactions of
the compressional and shear waves with the epicardial and endocardial boundaries of the
heart wall. A theoretical basis for the problem of a plate surrounded by fluid on both
surfaces and excited by a rod through the plate was reported in [48], and validated
experimentally in gelatin and urethane rubber plates and in ex vivo porcine LV myocardium.

Surface waves, or Rayleigh waves, have also been studied for the characterization of
viscoelastic materials [49-54]. Our group showed that the Lamb and Rayleigh wave
velocities converge, and the frequency at which this occurs depends on the thickness of the
material and the material properties. This convergence was demonstrated experimentally in
gelatin plates, excised porcine spleen and LV myocardium. One conclusion of this work was
that using excitation through the plate or on the surface provides similar wave velocity
measurements, which is important for 7n vivo open-chest experiments reported here in which
only surface excitation is applicable.

In this paper, we briefly review the LDUV methodology for measuring shear properties of
ventricular myocardium and focus on strengths and drawbacks of the method. Using
simulated data, we study the sensitivity of the Lamb wave model. Lastly, we present results
from open-chest experiments in pigs, reporting shear elasticity and viscosity of the LV
myocardium and their variation from diastole to systole. Fitting to the Rayleigh wave model
is also discussed.

IEEE Trans Med Imaging. Author manuscript; available in PMC 2014 February O1.
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Methods

Antisymmetric Lamb Wave Dispersion Ultrasound Vibrometry (LDUV)

We assume that the heart wall is a viscoelastic plate based on the Kelvin-Voigt model (also
referred to as Voigt model) with thickness H= 24 [30, 48], and that the motion is an
antisymmetric Lamb wave (Fig. 1). The model that is used in this paper was derived using
cylindrical coordinates [48], whereas the model by Kanai was derived using plane wave
assumptions [30]. The reason that we adopted the cylindrical coordinate system is because
shear waves produced by ultrasound radiation force are sometimes modeled as a cylindrical
wave source [35]. However, the wave velocity dispersion equation for both models was
found to be identical. Assuming that the shear modulus, z, is much smaller than the bulk
modulus, A, we arrive at the following dispersion equation:

k2B, cosh (k, hysinh (8, h)—(k2—242)" sinh (k, kcosh (8, h)=k"cosh (k, h)cosh (B, k). (1)

where ¢y is the Lamb wave velocity, k7 = w/cy (1, w), B,= Y kf—k.%- ky=w\pmiy, Pm 18
myocardial mass density which for this paper is assumed to be ,,, = 1080 kg/m?>, and u =
M1 + Iwp, where py and uy are the shear elasticity and viscosity, respectively.

Rayleigh Wave Dispersion Ultrasound Vibrometry (RDUV)

We also examined the Rayleigh wave method because of the surface excitation being used
in this study and to interpret some of the results. Rayleigh waves are surface waves and their
amplitude decreases at an exponential rate away from the surface [55]. Nenadic, et al.,
demonstrated that the Rayleigh wave velocity dispersion equation for a viscoelastic solid
with fluid loading is given by [49]

2

4B, (k5 2k§)3=kf. @

where cg is the Rayleigh wave velocity, kg = w/cg(it, w), By= \} f\',%—k%.

In order to relate the Lamb wave velocity dispersion to the Rayleigh wave velocity
dispersion, Eq. (1) can be divided by the product cosh(k;A)cosh(B; /) which gives [49]

4k, tanh (8, hy-(k; -27) tanh (k, )=k}, ()

For the case of the Rayleigh waves we can assume that the product in the hyperbolic tangent
functions approaches infinity either because the thickness or the frequency approaches
infinity, and Eq. (3) reduces to Eq. (2) because the hyperbolic tangent function will approach
unity.

Sensitivity Analysis of LDUV Inversion

We also evaluated the sensitivity of fitting the Lamb wave velocity dispersion for different
combinations of ¢ and u, using simulated data. The Lamb wave velocity dispersion curve
is defined for values of ¢y, A, i, and w when the full dispersion equation (Eq. (1)) is set to
Zero as

IEEE Trans Med Imaging. Author manuscript; available in PMC 2014 February O1.
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g (¢, hp, w)=4k>B, cosh (k, h)sinh @L!z)—(zkf—k'jf)‘sinh (k, h)cosh (8, )~k cosh (k, ii)cosh (8, 1)=0.

The thickness of the heart wall can be measured with ultrasound techniques throughout the
cardiac cycle, and the measured wave velocities are then fit with (4) to extract y; and . To
investigate the sensitivity of how the Lamb wave velocities vary with different conditions,
we simulated the values of ¢; for different frequencies, values of 4, and combinations of
and pp. We then evaluated the sensitivity of ¢; with respect to u; and u, by taking the
partial derivatives of ¢; with respect to these two variables

_5(‘, (h, 1, w)

5
o ®)

H1

. de, (b w)
“3“2:—5;12 NG)
As an example we simulated the Lamb wave velocities for A= 12 mm for frequencies 50,
100, 150, 200, 250, and 300 Hz for values for g = 1-40 kPa and pp = 0-20 Pa-s. These
Lamb wave velocities are shown in Fig. 2. The Lamb wave velocities increase as frequency
and the values of the material properties increase. The sensitivities from equations (5) and
(6) were calculated for 150 and 300 Hz and are shown in Figure 3. The black dashed line in
the S),; images depicts the combinations of 4| and p, when the sensitivity is near zero. The
results showed that for a material with some given combinations of z; and uy, fitting the
Lamb wave may have low sensitivity for 4| estimates. Negative values of .5, that are
present to the left of the dashed lines in Fig. 3(c) and (f) mean that as y| increases, the Lamb
wave velocities decrease for a given value of ;. When the sensitivity values Sy, are
positive, the Lamb wave velocities increase as p increases. The sensitivities also shift with
increasing frequency. The values for S, are always positive for all combinations of x| and

Mo, which implies that Lamb wave velocities monotonically increase as p increases.

Experiments

An open-chest animal protocol was used as approved by the Mayo Clinic Institutional
Animal Care and Use Committee. We performed successful experiments on eight pigs. We
inserted a pressure catheter into the left ventricle (Millar Instruments, Houston, TX) and
used a three-lead ECG. Acquisition of these signals was synchronized with the mechanical
excitation.

We designed an experiment that used a mechanical shaker with an attached rod to generate
waves in the heart wall. At the end of the rod we used one of two different types of tips. One
of those was a 6 mm diameter ball bearing attached to a rod, and the other was a small plate
with a stainless steel cylinder with diameter of 6 mm and length of 21 mm attached along
the long end of the plate (like an inverted T). The shaker (V203, Ling Dynamic Systems
Limited, Hertfordshire, UK) was driven with a signal generator (33120A, Agilent, Santa
Clara, CA) and an amplifier (XLS 202, Crown Audio, Inc., Elkhart, IN). The frequency and
amplitude of the excitation was varied with the signal generator.

The induced motion was measured using a high frame rate acquisition sequence using an
Ultrasonix Sonix RP system and a linear array transducer (1.9-4/38) (Ultrasonix Medical
Corporation, Richmond, BC, Canada). The linear array transducer was wrapped in a latex
cover filled with ultrasound gel, and another cover was filled with saline to provide a stand-
off that could move with the beating heart. The transducer was placed in a rigid fixture

IEEE Trans Med Imaging. Author manuscript; available in PMC 2014 February O1.
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anchored to the surgical table to insure that the transducer was stationary with respect to the
beating heart wall. The motion was captured using an M-mode type scheme with multiple
lines (typically 6-8 depending on the depth), separated by 0.9 mm. Frame rates were on the
order of 2000-2500 Hz depending on the depth used for acquisition which was typically 25—
30 mm.

We used two different arrangements of the excitation with respect to the transducer (Fig. 4).
In the first configuration, the ball bearing end was centered in the B-mode imaging plane
and the sequence was defined to measure waves propagating along the length of the array. In
the second configuration, the plate-cylinder end was placed at the end of the transducer so
that waves could be measured in the azimuthal direction of the transducer. In the first 2 pigs
we used the first actuator tip depicted in Fig. 4(a), and all other studies were performed with
the plate-cylinder tip (Fig. 4(b)) because of ease of positioning. The acquired data were
similar in nature for either of the tips used. The actuator tip was positioned on the anterior
LV wall (mid-level), and the waves were directed in a longitudinal orientation. The tip was
placed in contact with the heart wall surface to generate the waves. The tip was positioned to
make sure that contact was always maintained with the heart wall throughout the cardiac
cycle. This was confirmed before each data acquisition by visual observation and by
inspection of data for presence of harmonic vibration.

Data were acquired at 8 different frequencies, one frequency at a time, from 50 to 400 Hz in
50 Hz increments. Radiofrequency (RF) data were acquired for 2-3 seconds of vibration to
capture multiple cardiac cycles. The initiation of the vibration and data acquisition was
gated on the ECG R-wave. For each frequency, the data acquisition was repeated five times
to assess repeatability. The data were processed offline in spatial and temporal segments
using cross-spectral analysis to obtain motion [56]. The RF data were processed using 2 mm
windows with 50% overlap. The amplitude and phase of the vibration for discrete segments
in space and time were estimated using the fast Fourier transform. The time segments were
100 ms in length with 60% overlap. For each spatiotemporal window, the phase was plotted
versus distance along the azimuthal direction of the transducer, and a linear regression was
performed to find the phase velocity using

wAx

g’ O

where Ax is the distance and A ¢ is the phase difference. As a quality factor, wave velocity
values were kept when the R of the linear regression was greater than 0.70.

The endocardial and epicardial borders of the LV wall were manually identified for the total
data acquisition period to isolate the heart wall for data analysis and to calculate wall
thickness later used for the estimation of x| and p; using Eq. (4).

For each frequency, we used the five acquisitions of several cardiac cycles to reconstruct a
mean velocity profile. The ECG and LV pressure curves were used to determine systole and
diastole in each recording.

We characterized the viscoelastic material properties of the myocardium in diastole and
systole. The end-diastolic values are most representative of the passive tissue properties with
minimal or no influence from relaxation, while systolic values mostly reflect the contractile
properties. We fit the Lamb wave model (Eq. 4) to the set of mean velocity values for each
time point in the averaged cardiac cycle to obtain values of x| and ;. Viscoelastic moduli
at end-diastole (diastolic) and the mean value during the ejection phase (systolic) are
compared. The isovolumic contraction period was not used for the systolic characterization.

IEEE Trans Med Imaging. Author manuscript; available in PMC 2014 February O1.
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We performed a t-test between the values of ©; and u» of the Voigt model during diastole
and systole to assess if these values were statistically different (p < 0.05).

Figure 5 shows a sample M-mode image of a three second acquisition while inducing
vibration at 150 Hz. The induced motion was easily observed from the M-mode data (Fig. 5
inset). To isolate the heart wall, manual segmentation was performed by drawing boundaries
for the epicardial (top) and endocardial (bottom) surfaces, which are shown as yellow
dashed lines in Fig. 5.

Figure 6 shows the displacement amplitude and phase at 150 Hz through three cardiac
cycles at the A-line closest to the actuator. These measurements were taken using the
experimental setup described in Fig. 4(a). To correlate with physiological measurements, we
also show the ECG waveform and the LV pressure. The displacement amplitude varies
through the cardiac cycle and is highest during systole and lowest during diastole. Figure 7
shows the displacement images for each frequency for the A-line closest to the actuator. The
amplitude decreases with higher frequencies partly because the shaker can not generate as
high amplitudes as it can at lower frequencies. Figure 8 shows the displacement phase for
each frequency measured at the A-line closest to the actuator. The phase at each time point
is fairly uniform through the thickness, which is indicative of the antisymmetric Lamb wave
motion, i. e., the whole plate moves up and down as a whole. At the higher frequencies some
phase wrapping can be observed in the transition from dark red or black to white. In the data
analysis, the phase was unwrapped prior to applying regression to find the phase gradient for
Eq. (7).

Figure 9 provides representative data during diastole and systole and the analysis performed.
Figures 9(a) and (d) show the time-domain motion from eight A-lines for 150 Hz vibration
for the diastolic and systolic samples, respectively. Sinusoidal motion was observed along
with low frequency variations. A fast Fourier transform was applied to the time-domain
signals to obtain the frequency-domain representations shown in Figs. 9(b) and (e). Peaks at
150 Hz were present in the magnitude plots. Large components at lower frequencies were
present. The phase at 150 Hz for each A-line was extracted as shown in Figs. 9(c) and (f). A
linear regression was performed from the phase data and distance to obtain wave velocity.
The diastolic velocity was 2.01 m/s and the R? for the linear regression was 0.967. The
systolic velocity was 4.63 m/s and the R? for the linear regression was 0.975.

Figure 10 shows the phase velocity variation through depth (wall thickness) and through the
cardiac cycle at 150 Hz. A median filter with a kernel size of 3 x 1 was used to filter the
phase data to exclude outliers and smooth the data for calculation of the phase velocities.
The filter was oriented in the vertical direction through the thickness of the LV wall. The
median of the values through the wall thickness at each time point was taken. It can be seen
that the phase velocity follows the LV pressure curve closely, with low velocity values
during diastole when the LV pressure is low and higher velocity values during systole when
the pressure is high. The pattern was very consistent from cycle to cycle (Fig. 10(b)).

Figure 11 shows the spatiotemporal variation of the phase velocities for each frequency. All
of the images have the same fixed scale so that the increase in phase velocity with frequency
can be appreciated. In particular, the variation of the phase velocities at the lower
frequencies like 100 Hz has different ranges than those at the higher frequencies such as 250
Hz. The epicardial and endocardial surfaces showed higher velocities during systole
compared with the midwall. Figure 12 shows the R? values for the different phase velocity

IEEE Trans Med Imaging. Author manuscript; available in PMC 2014 February O1.
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calculations. The R? values are highest for the lower frequencies and decreases at higher
frequencies, probably due to lower motion amplitude.

Figure 13 shows the mean and standard deviations of the phase velocity plots of the data
from the five repeated acquisitions at each frequency. These data demonstrate the consistent
variation in phase velocity from heartbeat to heartbeat and the good repeatability of
measurements at one location (without changing the position of the transducer). The error
bars increase with the frequency, probably because of lower displacement amplitudes and
more susceptibility to phase estimation errors.

The data from the five repetitions and multiple cardiac cycles were used to obtain mean
velocity profiles through one average heart cycle. Fig. 14 shows the mean velocity and
standard deviation throughout the heart cycle for frequencies 50-350 Hz. We fit the mean
dispersive velocity data shown in Fig. 14 to the Lamb wave model to obtain the estimates
for p; and p; as shown in Fig. 15. The shear elasticity followed a similar pattern as the left
ventricular pressure. The values of 1, did not vary as strongly as the phase velocities and

M1

Figure 16 shows an example of measured phase velocities for diastole and systole and the
Lamb wave fits to the data. The value of y£1 was 1.5 kPa in diastole and 28.3 kPa in systole,
and the value of u» was 2.5 Pa-s in diastole and 2.1 Pa-s in systole.

Figure 17 shows the mean and standard deviations of the phase velocities measured in eight
pigs. The phase velocity values were higher in systole than in diastole and the error bars
were also larger in systole than in diastole. We fit the dispersive velocity data for each pig
and the results for 1 and u, are summarized in Fig. 18 as a box plot. The mean and
standard deviations of | and p, were also computed. In diastole x; = 1.81 + 0.80 kPa and
Mo =2.76 £ 0.56 Pa:s, and in systole p1 =21.14 £ 7.72 kPa and uy = 4.16 + 4.32 Pa-s. The
difference for w1 between systole and diastole was statistically significant (p < 0.001), but
not for uy (p= 0.4205).

We noticed that there was an unexplained high velocity value at 50 Hz, particularly during
systole (Fig. 16). Knowing that the Rayleigh wave velocities are always higher than the
Lamb wave velocities at the lower frequencies for a material of the same shear properties
[49, 50], we fit the Rayleigh wave velocity dispersion (Eq. 2). We found a value of u; of 1.5
kPa in diastole and 25.0 kPa in systole, and a value of u, was 1.8 Pa-s in diastole and 2.1
Pa-s in systole. These results suggest that the Rayleigh wave dispersion may capture the 50
Hz data point in the systole data better in the low frequency range and converges with the
Lamb wave data at frequencies 200-400 Hz. The Rayleigh and Lamb fits for the diastolic
data are similar over the entire bandwidth. For both fits, the values are relatively close. The
Lamb wave model fits the data points at 100 and 150 Hz better than the Rayleigh wave
model, thus the Lamb wave model may be superior for these measured data. Another
explanation for the high velocity at 50 Hz could be the existence of some near-field effects
[57].

Discussion

The displacement amplitude and phase of the propagating waves were shown to change
throughout the cardiac cycle. However, these parameters by themselves could not be used
for quantitative assessment of the viscoelastic properties of the myocardial tissue. The phase
measurements confirmed that we are measuring an antisymmetrical Lamb wave, as the
phase was constant throughout the depth (thickness) of the myocardium, thus the model
used is suitable for the heart wall.

IEEE Trans Med Imaging. Author manuscript; available in PMC 2014 February O1.
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The phase velocity maps provide a novel way to analyze the behavior of the myocardium
and its material properties both in space and time. It is important to note that the phase
velocity measurements are independent of the induced vibration amplitude. The epicardial
and endocardial surfaces showed higher velocities during systole compared with the midwall
as seen in Fig. 11. The phase velocities were more uniform through depth during diastole.
The wave velocities and material properties changed during the heart cycle, as expected.
During diastole, the heart muscle is relaxed and the passive characteristics of the tissue are
dominant. During systole, the contractile elements are activated and myofibers shorten (wall
thickens), and their effect dominates as disclosed by an increase in shear elastic and viscous
moduli.

The phase velocity dispersion data were fit to the antisymmetric Lamb wave model, and the
fit was found to be good. In the example in Fig. 16, there was a 17-fold increase in the shear
modulus and a slight decrease in viscosity from diastole to systole. The phase velocities in
systole were consistently higher than in diastole. The variance of the phase velocities was
found to be smaller in diastole than in systole. This may be due to the reduced wall motion
during this period. Because the cardiac motion has most of its energy at relatively low
frequencies (less than 100 Hz) as demonstrated in Fig. 9, we can use targeted signal
processing techniques to examine vibration at the frequency of interest. This was determined
from Fourier analysis of the measured motion at different stages of the cardiac cycle. The
data in Figs. 9(b) and (e) show that the magnitude is high at 0 to 20 Hz, and then the
amplitude decays at higher frequencies down to the noise floor. As a result, the distinct
excitation frequencies had adequate signal-to-noise ratio for robust motion detection and
analysis. Also, the variance increased with frequency, probably because the vibration
amplitude decreases as the frequency increases.

Box plots of the values of y£1 and u, in diastole and systole (Fig. 18) showed the same trend
as in the example in Fig. 16. The median shear viscosity was higher in diastole than in
systole, but the range of p; in systole was found to be high.

One parameter that relates the viscoelastic moduli is the loss tangent, which is the ratio of
the loss modulus to the storage modulus [58]. For the case of the Kelvin-Voigt model, the
loss modulus is awyy and the storage modulus is f21 so

[]15)]
tan (5}=i. (8)
H1

To characterize a material, we can identify the frequency when tan(68) = 1 as indicated by £
= u1/(2muy). Using the mean values of u and u; in diastole and systole we computed £].
The value of £ in diastole was 104.4 Hz and £] for systole was 808.8 Hz. This is an
indication of the importance of the viscous component in diastole.

From the sensitivity analysis, we show that the Lamb wave fitting does have some regions
where sensitivity may be diminished and errors could be attributed to the curve fitting
process. This shifting of the sensitivities for different combinations of x| and p, with
frequency may minimize issues associated with curve fitting and regions of reduced
sensitivity. That is, for a given combination of z£1 and u, the sensitivity may be low for one
or two frequencies, but higher for the other frequencies used for the fit. As a result, using
multiple frequencies may allow for more robust curve fitting.

Our results are in agreement with previous findings using other methods. In human
myocardium, Kanai has found wave propagation phase velocities ranging from 1-7 m/s for a
frequency range of 10-90 Hz [30]. The values of p = 24-30 kPa acquired at end-systole in
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human myocardium agree with x| during systole found in this study. However, in that study
the values for pp = 70-400 Pa-s were substantially higher than those we report here. One
explanation could be that the Lamb wave fits by Kanai are difficult to make for the low
frequencies and low bandwidth (1090 Hz), whereas we find good agreement between our
data and curve fits over the bandwidth 50-400 Hz that we report here. Bouchard, et al,
reported shear wave group velocities ranging from 0.83-2.65 m/s measured in mid-diastole
in open-chest dogs [41]. Couade, et al., reported measurements of made using SSI through
the cardiac cycle in open-chest sheep [42]. The group velocities measured in long- and
short-axis views, and the values in diastole were 1.45 + 0.32 m/s and 1.85 £ 0.22 m/s,
respectively, and the values in systole were 4.8 + 1.4 m/s and 6.2 + 1.9 m/s, respectively, but
the frequencies of these waves were not reported. Pernot, et al., used SSI to investigate
perfused isolated rat hearts in a Langendorff preparation [43]. They reported values of wave
group velocities ranging from 0.80-5.40 m/s under different physiological conditions. These
values are similar to our findings in pigs. However, in some of these studies, the thickness of
the myocardium was not reported together with wave velocities [41, 42] and the frequency
range of these measurements was not specified.

In our study, the Voigt model was used to describe the viscoelasticity of the heart wall. Our
quantitative assessment of the viscoelastic material properties through the entire cardiac
cycle and using a dispersion method is the first to our knowledge to be reported. The Lamb
wave velocity dispersion data were fit reasonably well with the Voigt-based viscoelastic
Lamb wave model over the frequency range tested. Other rheological models have also been
used to characterize the viscoelastic properties of the myocardium. The Hill-Maxwell model
involves two springs and a variable element to account for effects of contraction [59, 60]. A
modified Voigt model was used to quantify the passive and active elastance [61]. The choice
of the Voigt model was based on maintaining continuity with previous studies and other
groups [30, 48, 49], facilitating comparison of the results. Model-free approaches might be
better suited to characterize the myocardial material properties.

The value of the measured wave velocity in the heart wall depends significantly on the
frequency of the particular wave because of viscoelasticity and geometry effects. If only the
group velocity is quoted with no knowledge of the frequency of the wave, the elasticity
estimate could be biased and may not be comparable between different methods.
Additionally, if only an elastic medium is assumed for an inherently viscoelastic tissue, the
effects of viscosity will be neglected and the measured speed will give a biased shear
modulus, because the estimated modulus must now account for both elastic and viscous
behavior.

The addition of viscosity may be important for a full characterization of the myocardial
tissue and may act as a unique indicator of disease processes. Schmeling, et al., found that
the viscosity in the LV wall during the diastolic phase of the cardiac cycle increased during
occlusion of the left anterior descending coronary artery [61], and returned to baseline only
in animals that recovered from the stunning. However, the viscosity was shown to rise in
both ischemic and nonischemic regions of the LV wall. This finding was contrary to the
passive elastance which was observed to increase only in the ischemic region.

In this study we used a mechanical shaker and few assumptions were made. First, the full set
of measurements over the multiple frequencies took about 5-15 minutes to acquire, and the
wall motion and behavior was assumed to be constant throughout this period. Secondly, we
assumed that the induced waves were planar as they propagated along the azimuthal
direction of the transducer. There may be some near-field effects due to the size of the
actuator tip. This may partly explain the high value for the 50 Hz component in Fig. 9 for
the systolic dispersion curve. A similar effect was reported by Catheline, ef al. [57] and was
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attributed to diffraction due to the size of the vibrating rod. Additionally, as shown here in
Fig. 16 and demonstrated previously [49, 50], the excitation method that we are using could
have created the Rayleigh waves at 50 Hz, and the Lamb wave fit would not capture that
data point in the curve fit. The Lamb wave model was able to describe the data points for all
frequencies except in systole at 50 Hz, but the Rayleigh model could fit this data point well,
but was not able to fit all the other data points.

The transducer was fixed rigidly with respect to the LV wall. In some cases in systole, the
heart wall would come close to the transducer surface and at times impinge on the
transducer surface. This rigid boundary condition violates the assumption that there are two
fluid loaded surfaces as described for the antisymmetric Lamb wave model. In our future
work, we will explore the effects this rigid boundary condition in the Lamb wave model and
evaluate the effects it may have on the results.

We also assumed that the myocardial wall is homogeneous. It is well known that the
myocardium is made up of layers with different orientations [62—64]. It has also been
demonstrated that the shear wave velocity varies within the myocardium at different levels
through the thickness of the LV wall [42, 65]. In this study we observed that there were
some variations between the epicardial, mid-wall, and endocardial regions of the
myocardium as shown in Figs. 10 and 11. The use of the LDUV method for myocardium
treats the wall as a homogeneous plate, so the measurements reported can be thought of as
an average value for the entire wall thickness.

In this study we used the phase gradient method to calculate the localized phase velocities.
Other methods such as algebraic direct inversion or finite element-based inversions could
also be used [66]. The phase gradient was found to be fairly robust where linear regressions
were used on the phase data versus distance and the R? values from the regression were used
as a quality control variable.

The shaker has a magnitude frequency response that varies with a 1/fcharacteristic and we
adjusted the driving voltage to compensate for this response. However, a constant
displacement could not be maintained at higher frequencies (Fig. 7). The motion amplitude
varied over a wide range of 1-400 um, which in most cases was enough for accurate phase
estimation. However, during systole, characterized by higher wall motion and stiffness,
phase estimation was noisier. It is important to emphasize that phase velocities measured do
not depend on the amplitude of vibration but on the accuracy of measuring displacement.
Another assumption is that the tissue being measured remained in the elevational plane of
the linear array transducer. If the tissue being examined is moving in and out of the elevation
plane of the transducer, the RF signals used for motion tracking could be decorrelated and
potentially different tissue would be used in assessing the velocities of the propagating
waves.

This method described in this study in animals would not be suitable for clinical use because
of its invasive nature. A clinically relevant approach would be to use ultrasound radiation
force to induce propagating waves in the myocardium [41, 42, 67]. Using radiation force one
can avoid some of the assumptions made here and capture the data for constructing the
dispersion curves in one acquisition, in a completely noninvasive approach.

Conclusions

We performed 7n vivo experiments on the left ventricular wall of swine hearts in an open-
chest preparation in which we measured the dispersive phase velocity of Lamb waves using
a mechanical shaker as the excitation source. The phase was consistent through the thickness
of the myocardium, confirming antisymmetric Lamb wave modal behavior. Phase velocity
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measurements were made throughout the cardiac cycle over a wide range of frequencies
(50-400 Hz). We observed changes in phase velocities and material properties over the
course of the cardiac cycle. We fit a Lamb wave Voigt model to the dispersion curves and
estimated shear elasticity and viscosity for the heart wall during systole and diastole. The
shear elasticity and viscosity values agree with findings reported in the literature. We also
studied the sensitivity of the Lamb wave model using simulated data. Because of its high
spatial and temporal resolution, the technique could be used to study changes in tissue
properties with physiological variations and with disease. Future work will include using
ultrasound radiation force as the excitation source to characterize the phase velocity
dispersion. Measurements of myocardial mechanical viscoelastic properties could provide a
useful tool for clinicians evaluating patients who have conditions that alter the heart’s
material properties.
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Fig. 1.
Antisymmetric Lamb wave motion of heart wall.
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Fig. 2.

Simulated Lamb wave velocities for frequencies 50-300 Hz for wall thickness H= 12 mm
and different combinations of g1 and w,. (a) 50 Hz, (b) 100 Hz, (c) 150 Hz, (d) 200 Hz, (e)
250 Hz, (f) 300 Hz.
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Simulated Lamb wave velocities and sensitivities for frequencies 150 and 300 Hz for wall
thickness A= 12 mm and different combinations of x| and p,. (a) Lamb wave velocities at
150 Hz, (b) Lamb wave velocities at 300 Hz, (c) S,u1 at 150 Hz, (d) S,ul at 300 Hz, (e) S,uz at
150 Hz, (f) S'u2 at 300 Hz. The black dashed lines in panels (c) and (d) depict when Slu1 =0.

IEEE Trans Med Imaging. Author manuscript; available in PMC 2014 February 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Vd-HIN

Urban et al. Page 19

| z Transducer I y
Z Z

Shaker
HE Latex Cover Rod
Detection; 11111
Lines i i o
Myocardium
Front View Side View

(a)

s

Transducer

Latex Cover

Myocardium
Front View Side View

(®)

Fig. 4.

Experimental setups. (a) A rod with a ball bearing was attached to the mechanical shaker.
The ball bearing was placed onto the surface of the myocardial wall. A linear array
transducer was suspended above the heart wall and coupled with a water-filled latex cover.
(b) A rod with a plate and steel cylinder bearing was attached to the mechanical shaker
(inverted T configuration). The cylinder was placed onto the surface of the myocardial wall.
A linear array transducer was suspended above the heart wall and coupled with a water-
filled latex cover.
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Fig. 5.

M-mode recording and manually drawn mask borders for subsequent analysis (yellow
dashed lines). Small oscillations can be observed from the 150 Hz vibration in the magnified
inset.
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Fig. 6.
Wave propagation data at 150 Hz for first A-line from one animal, (a) amplitude, (b) phase,
(c) LV pressure, (d) ECG.
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Fig. 7.

Spatiotemporal maps of displacement amplitude for frequencies 50-400 Hz at first A-line
from one animal. The color bar for each panel is different to reflect different displacement
amplitudes. (a) 50 Hz, (b) 100 Hz, (c) 150 Hz, (d) 200 Hz, (e) 250 Hz, (f) 300 Hz, (g) 350
Hz, (h) 400 Hz, (i) — (j) ECG trace for synchronization purposes.
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Spatiotemporal maps of displacement phase for frequencies 50-400 Hz at first A-line from
one animal. Phase wraps occur when there is a sharp transition from a dark red or black to
white or yellow. (a) 50 Hz, (b) 100 Hz, (c) 150 Hz, (d) 200 Hz, (e) 250 Hz, (f) 300 Hz, (g)
350 Hz, (h) 400 Hz, (i) — (j) ECG trace for synchronization purposes.
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Fig. 9.

Vibration data at 150 Hz during diastole (top row) and systole (bottom row) from a 100 ms
temporal window. (a, d) Time-domain displacement data, (b, e) Frequency-domain
displacement data, (c, f) Phase data (circles) and regression (line) for speed estimation
during diastole. The calculated wave velocity was 2.01 m/s during diastole and 4.63 m/s
during systole. The R? for the regression was 0.967 and 0.975, respectively. The legend in
(e) applies also to panels (a), (b), and (d).
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Fig. 10.
Phase velocity variation through cardiac cycle at 150 Hz from one animal. (a) Phase velocity
map, (b) Median phase velocity through wall thickness, (c) LV pressure, (d) ECG.

IEEE Trans Med Imaging. Author manuscript; available in PMC 2014 February O1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Vd-HIN

Urban et al. Page 26

(a) 50 Hz (b) 100 Hz
0 — 10
E 5 2 E 2
E 10 E E 4 5 E
N o N o
15 0
500 1000 1500 500 1000 1500
Time, ms Time, ms
(c) 150 Hz (d) 200 Hz
0 i -
E S ] ]
E 10 e E £
N o N o
15

500 1000 1500 500 1000 1500
Time, ms Time, ms
(e) 250 Hz (f) 300 Hz

c, mis
c, mis

2 = ——10
1 - is
15 0

500 1000 1500 500 1000 1500
Time, ms Time, ms
(g) 350 Hz (h) 400 Hz
0 o]
E S 2 E 2
S v :
15 .
500 1000 1500 500 1000 1500
Time, ms Time, ms
(i) ECG (j) ECG
(4] 8 r——'\ﬁ{’u\p*'_,\j
(=] o 1
o w
0 500 1000 1500 0 500 1000 1500
Time, ms Time, ms

Fig. 11.

Example of phase velocity variation for 8 frequencies between 50-400 Hz from one animal.
(a) 50 Hz, (b) 100 Hz, (c) 150 Hz, (d) 200 Hz, (e) 250 Hz, (f) 300 Hz, (g) 350 Hz, (h) 400
Hz, (i) — (j) ECG trace for synchronization purposes.
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Fig. 12.

Example of R? values from linear regression for estimation of phase velocities at 8
frequencies between 50400 Hz from one animal. All panels were scaled from 0.5-1. (a) 50
Hz, (b) 100 Hz, (c) 150 Hz, (d) 200 Hz, (e) 250 Hz, (f) 300 Hz, (g) 350 Hz, (h) 400 Hz, (i) —
(j) ECG trace for synchronization purposes.
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Phase velocity variation for 8 frequencies between 50—400 Hz by taking median through
wall thickness from one animal. The error bars are the standard deviations from five
consecutive acquisitions. (a) 50 Hz, (b) 100 Hz, (c) 150 Hz, (d) 200 Hz, (e) 250 Hz, (f) 300
Hz, (g) 350 Hz, (h) 400 Hz, (i) — (j) ECG trace for synchronization purposes.
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Phase velocity variation for 7 frequencies between 50-350 Hz by taking mean and standard
deviation (error bars) over five acquisitions and multiple heart cycles from one animal. (a)
50 Hz, (b) 100 Hz, (c) 150 Hz, (d) 200 Hz, (e) 250 Hz, (f) 300 Hz, (g) 350 Hz, (h) ECG

signal.
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Fig. 15.

Viscoelastic material property fits to Lamb wave model through cardiac cycle from one
animal. (a) p1, (b) uy, (c) LV pressure, (d) ECG.
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Phase velocity dispersion with fits to Lamb (LDUV) and Rayleigh (RDUV) wave models

for diastole and systole from one animal.
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Summary of phase velocity dispersion for diastole and systole for all eight animals. The

values represent the mean and standard deviations from eight animals.
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Fig. 18.

Box plots of (a) 1, (b) u» from eight normal animals at end-diastole and during systole
(mean value during ejection) estimated using Lamb wave model. The line inside the box
denotes the median, and the edges of the box represent the 251 and 75™ percentiles of the
data. The whiskers denote the range of the data.
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