
  

  

Abstract— Diastolic properties of the myocardium are 
important for normal cardiac function and may contribute to 
the condition of heart failure. Measuring the viscoelastic 
properties of the left ventricular myocardium is difficult in vivo 
using noninvasive methods. In this study, we used a mechanical 
actuator to create harmonic, propagating mechanical waves in 
the myocardial tissue in vivo. The motion was measured using 
ultrasound imaging techniques. The wave propagation 
velocities were measured over the 50-350Hz frequency range. 
The dispersion curves were fit with an asymmetrical Lamb 
wave model to obtain estimates of the shear elasticity and 
viscosity of the myocardial tissue. The method was applied to 
estimate viscoelastic properties of the myocardium during 
diastole and systole. 

I. INTRODUCTION 
IASTOLIC dysfunction is the impaired ability of the 
heart to fill and maintain its stroke volume at 

physiologic filling pressures. Isolated diastolic dysfunction 
is common, especially in the elderly. Up to 40% of heart 
failure patients have normal ejection fraction, and some of 
these patients have abnormal diastolic properties of the 
myocardium [1,2,3,4]. Common causes of diastolic 
dysfunction are abnormal left ventricular relaxation [2]  and 
increased left ventricular chamber stiffness [2, 3]. 
Knowledge of the quantitative values of the viscoelastic 
properties of the myocardium would greatly improve the 
clinician’s ability to evaluate diastolic dysfunction in an 
individual patient. 

Several investigators have attempted to make 
measurements of the fundamental mechanical properties of 
the myocardium using invasive and noninvasive methods [2, 
4, 5]. More recent noninvasive methods include tagged 
magnetic resonance imaging, tissue Doppler imaging, strain 
and strain rate echocardiography, mechanical wave imaging, 
and acoustic radiation force impulse imaging [6-13] 

In this paper, we present a method called Shearwave 
Dispersion Ultrasound Vibrometry (SDUV) which measures 
the change in shear wave velocity with frequency [14, 15]. 
This characteristic is then fit with a model for the 
asymmetrical Lamb wave to assess the viscoelastic 
properties of the tissue, as previously tested in excised 
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myocardial slabs [16]. We present results from in vivo tests 
in open-chest experiments with pigs. 

II. METHODS 

A. Dispersion Ultrasound Vibrometry 
Chen, et al., have developed a method using ultrasound 

radiation force and the measurement of the dispersion of 
shear wave velocities to estimate the shear elasticity and 
viscosity of soft tissue-like materials [14]. This work was 
been extended to create the SDUV method to make it 
compatible with current ultrasound scanners by employing 
repeated ultrasound tonebursts to obtain motion that has 
multiple frequency components at which the shear wave 
velocities can be measured and dispersion can be evaluated 
[15].  

B. Asymmetrical Lamb Wave Model 
An asymmetrical Lamb wave model was developed by 

Kanai [17]. He modeled the heart wall as a viscoelastic plate 
with thickness 2h based on the Voigt model. Assuming that 
the shear modulus, μ, is much smaller than the bulk 
modulus, λ, he arrived at the following equation 
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where cL is the Lamb wave velocity, kL = ω/cL(μ, ω), 
2 2

L sk kβ = − , s mk ω ρ μ= , ρm is myocardial density, 

and μ = μ1 + iωμ2 where μ1 and μ2 are the shear elasticity 
and viscosity, respectively. The measured shear wave 
velocities are then fit with (1) to extract μ1 and μ2. 

C. Experiment 
An open-chest protocol was used as approved by our 

Institutional Animal Care and Use Committee. Using the 
principles of SDUV, we designed an experiment that used a 
mechanical shaker with a 6 mm diameter ball bearing 
attached to a rod to induce motion into the heart wall. 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 motion was 
measured using a high frame rate acquisition sequence using 
an Ultrasonix Sonix RP system (Sonix RP, Ultrasonix 
Medical Corporation, Richmond, BC, Canada). The motion 
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was captured using an M-mode type scheme with multiple 
lines, separated by 0.9 mm. Frame rates were on the order of 
~2500 Hz. The linear array transducer was first wrapped in a 
latex cover filled with ultrasound gel, then another cover 
filled with water to provide a stand-off. The rod attached to 
the shaker was centered in the B-mode imaging plane and 
the sequence was defined to measure waves propagating 
along the length of the array. The rod was positioned on the 
mid-anterior left ventricular wall. Care was taken to avoid 
obstructing the main coronary arteries and branches. 

Radiofrequency (RF) data were acquired for 3 seconds of 
vibration to capture multiple heart cycles. The initiation of 
the vibration and data acquisition was gated on the 
electrocardiographic (ECG) R-wave. The data were saved 
and processed offline using cross-spectral analysis and 
Kalman filtering to obtain motion and phase of the vibration 
for discrete segments in space and time [18, 19]. The phase 
was plotted versus distance of propagation and a linear 
regression was performed to find the phase velocity using 
c rω φ= Δ Δ , where Δr is the distance and Δφ is the phase 
difference. The phase velocities over the 50-350 Hz range 
were plotted and μ1 and μ2 estimated by fitting the data with 
equation 1.  

  

Fig. 1. Experimental setup. 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. 

III. RESULTS 
Figure 2 shows one sample M-mode image of a three 

second acquisition while inducing vibration at 100 Hz. The 
vibration was observed from the M-mode data. To isolate 
the heart wall, manual segmentation was performed by 
drawing boundaries for the epicardial (outer) and 
endocardial (inner) surfaces (shown as red lines in Fig. 2).  

Figures 3 and 4 show the displacement amplitude and 
phase at four different lateral locations in the myocardium. 
The displacement has a unique spatiotemporal distribution 
and decreases as the distance from the shaker increases. 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 phase is fairly 
consistent throughout the thickness of the myocardium, 
indicating that the heart wall is vibrating in phase.  

Figure 5 shows the phase velocity at 100 Hz through the 
heart cycle. In Fig. 5(a) the spatiotemporal distribution of the 
phase velocity is shown, while in Figure 3(b) a median was 

taken for each time point over the thickness of the 
myocardium. The heart is at the beginning of systole at t = 0 
ms and then proceeds to diastole from about t = 400-800 ms. 
The phase velocity is almost a binary function through time, 
having one value during systole and a lower value during 
diastole. There is a somewhat gradual decline from the peak 
value during systole to the baseline value during diastole. 
The pattern is very consistent for different heart cycles. 

Figure 6 shows the phase velocity average through time 
for frequencies 50-350 Hz. The open circles are the mean of 
3-5 repeated acquisitions. The curves are less well defined at 
higher frequencies, probably because of lower motion 
amplitudes, which lead to less reliable phase and phase 
velocity estimates. However, the binary nature from systole 
to diastole is maintained. 

We averaged the phase velocities during systole and 
diastole for the frequencies of interest and the results are 
shown in Fig. 7. We used the Lamb wave model in (1) to 
estimate the viscoelastic properties using the mean values of 
the phase velocities, and found μ1 = 1.7 kPa and μ2 = 3.2 
Pa⋅s for diastole, and μ1 = 31.0 kPa and μ2 = 5.0 Pa⋅s. The 
shear elasticity increased by a factor of over 18, and the 
shear viscosity increased by a factor of 1.5 from diastole to 
systole.   

 

 
Fig. 2. M-mode and manually drawn mask borders for subsequent analysis 
of displacement amplitude and phase and phase velocity. 

IV. DISCUSSION 
The results from this SDUV experiment indicate that the 

phase velocities and the viscoelastic material properties can 
be measured by SDUV method in vivo. These properties 
change 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 dominate the characteristics of the 
tissue disclosed by an increase in shear elasticity and 
viscosity. 
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Fig. 3. Displacement amplitude through heart cycle at 100 Hz at different 
lateral locations from the shaker excitation point. (a) x = 0 mm, (b) x = 1.8 
mm, (c) x = 3.6 mm, (d) x = 5.4 mm. 

 
Fig. 4. Displacement phase through heart cycle at 100 Hz at different lateral 
locations from the shaker excitation point. (a) x = 0 mm, (b) x = 1.8 mm, (c) 
x = 3.6 mm, (d) x = 5.4 mm. 

 
Fig. 5. Phase velocity through heart cycle at 100 Hz. (a) Spatiotemporal 
distribution of phase velocity, (b) Median value through thickness at each 
time point. 

 
Fig. 6. Phase velocity through heart cycle at frequencies 50-350 Hz 
averaged over five acquisitions. 
 

 
Fig. 7. Phase velocity dispersion in systole and diastole averaged over five 
acquisitions. 

 
Application of the Lamb wave model seemed appropriate. 

The phase images in Fig. 4 show that the phase is conserved 
through the thickness of the myocardium indicating that the 
tissue is moving in unison, which is the characteristic motion 
of the asymmetric Lamb wave mode.  The model fit the data 
relatively well, consistent with previous results in excised 
myocardial slabs [16]. The most reliable estimates were 
obtained during diastole, probably due to the reduced wall 
motion during this period. In the future, we will pursue 
curve fitting that weights more the lower frequency phase 
velocities because of their lower standard deviations. 
 Our results agree with previous findings. In human 
myocardium, Kanai has found wave propagation speeds 
ranging from 1-7 m/s for a frequency range of 20-90 Hz 
[17]. This range agrees with our results in swine 
myocardium. Kanai also tabulated measurements of μ1 and 
μ2 in cardiac and other tissues. The values of μ1 = 24-30 kPa 
acquired at end-systole in human myocardium agree with μ1 
during systole found in this study. However, their values for 
μ2 = 70-400 Pa⋅s were substantially higher. Further studies 
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are needed to validate this method in vivo and to explain 
discrepancies with previous results. 

In this study we used a mechanical shaker and few 
assumptions were made. First, 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 rod. This may explain 
the high value for the 50 Hz component in Fig. 7 for the 
systolic dispersion curve. A similar effect was reported by 
Catheline, et al. [20] and was attributed to diffraction due to 
the size of the vibrating rod. Also, we assumed that 
myocardial wall is homogeneous over the depth measured.  

The shaker has a magnitude frequency response that 
varies with a 1/f characteristic and we adjusted the driving 
voltage to compensate for this response. However, a 
constant displacement could not be maintained at higher 
frequencies. The motion was ~10-40 μm, which in most 
cases was enough for accurate phase estimation. However, 
during systole, characterized by higher wall motion and 
stiffness, phase estimation was noisier. Another assumption 
is that the tissue being measured stayed in the elevational 
plane of the linear array transducer. Variations could cause 
measurement of different parts of the propagating waves and 
bias the phase velocity estimate. 

In the future, we will use ultrasound radiation force to 
excite the tissue and measure the motion with pulse-echo 
ultrasound with the same linear array transducer. We can 
then avoid some of the assumptions made here and capture 
the data for constructing the dispersion curves in one 
acquisition, in a completely noninvasive approach. 

V. CONCLUSIONS 
We performed an in vivo experiment on the left 

ventricular wall of a swine heart 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 
asymmetric Lamb wave modal behavior. We fit a Lamb 
wave model to the dispersion curves and estimated shear 
elasticity and viscosity for the heart wall during systole and 
diastole. Future work will include the use of ultrasound 
radiation force as the excitation source to characterize the 
phase velocity dispersion. 
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