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Abstract

Ultrasound and magnetic resonance elastography techniques are used to assess mechanical 

properties of soft tissues. Tissue stiffness is related to various pathologies such as fibrosis, loss of 

compliance, and cancer. One way to perform elastography is measuring shear wave velocity of 

propagating waves in tissue induced by intrinsic motion or an external source of vibration, and 

relating the shear wave velocity to tissue elasticity. All tissues are inherently viscoelastic and 

ignoring viscosity biases the velocity-based estimates of elasticity and ignores a potentially 

important parameter of tissue health. We present Attenuation Measuring Ultrasound Shearwave 

Elastography (AMUSE), a technique that independently measures both shear wave velocity and 

attenuation in tissue and therefore allows characterization of viscoelasticity without using a 

rheological model. The theoretical basis for AMUSE is first derived and validated in finite element 

simulations. AMUSE is validated against the traditional methods for assessing shear wave velocity 

(phase gradient) and attenuation (amplitude decay) in tissue mimicking phantoms and excised 

tissue. The results agreed within one standard deviation. AMUSE was used to measure shear wave 

velocity and attenuation in 15 transplanted livers in patients with potential acute rejection, and the 

results were compared with the biopsy findings in a preliminary study. The comparison showed 

excellent agreement and suggests that AMUSE can be used to separate transplanted livers with 

acute rejection from livers with no rejection.

Introduction

Palpation is an important part of a medical exam during which mechanical properties of a 

tissue are evaluated by manual compression in an effort to assess changes in tissue elasticity 

and viscosity. Elastic and viscous properties of a material can be obtained by inducing a 

monochromatic wave into the region of interest and measuring the velocity and attenuation 

(rate of amplitude decay) of the propagated wave.
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Over the past several decades, the fields of ultrasound and magnetic resonance (MR) 

elastography have developed various techniques to measure mechanical properties of tissues 

(Sarvazyan et al., 2011; Tanter and Fink, 2014). The basic principle of these techniques is 

the use of an external vibrator or focused ultrasound to create waves in the tissue, and 

application of ultrasound or magnetic resonance imaging (MRI) to measure the wave 

propagation as a function of time and distance. Various algorithms are then used to calculate 

the velocity of the propagated shear wave (Chen et al., 2009; Bercoff et al., 2004). Using 

these measurements much effort has been paid to characterizing soft tissues with models of 

varying degree. Assuming that the tissue is linear, homogeneous, isotropic, and purely 

elastic, the wave velocity (c) is directly related to the elastic modulus (μ) of the tissue via μ = 

ρc2, where ρ is the tissue mass density (close to that of water). These elasticity measurement 

techniques have been applied to demonstrate changes in wave velocity in the myocardium 

and arteries throughout the heart cycle in animals in vivo, increased wave velocity in liver 

fibrosis and cirrhosis, breast and thyroid cancer, and anisotropic wave velocities relative to 

the muscle fiber orientation (Nenadic et al., 2011; Couade et al., 2010; Couade et al., 2011; 

Bernal et al., 2011; Chen et al., 2009; Gennisson et al., 2010; Sarvazyan et al., 2011; Tanter 

et al., 2008; Sebag et al., 2010).

However, all biological tissues are inherently viscoelastic and most elastography techniques 

assume the tissues are solely elastic and thus ignore the viscosity. Ignoring the viscous 

component not only biases the velocity-derived estimates of elasticity but also fails to report 

a potentially important tissue parameter. In addition, disregarding tissue viscosity masks 

potentially complex pathophysiological changes that manifest in structural changes affecting 

both elasticity and viscosity by grouping the two terms under the elasticity parameter. 

Multiple reports of animal and human studies characterizing liver viscoelasticity using 

magnetic resonance elastography (MRE) have been reported (Asbach et al., 2008; Asbach et 

al., 2010; Klatt et al., 2010; Leclerc et al., 2013; Sinkus et al., 2005). Among the ultrasound-

based methods are supersonic shear imaging (SSI) (Muller et al., 2009) and shearwave 

dispersion ultrasound vibrometry (SDUV) (Chen et al., 2013). Analysis of phase velocity 

dispersion has been used for liver fibrosis staging and for analyzing how steatosis affects 

viscoelasticity (Nightingale et al., 2015).

The omission of tissue viscosity largely stems from the inability to make stable and 

reproducible measurements of shear wave attenuation. Tissue shear wave attenuation is a 

measure of how fast the shear wave energy dissipates in the tissue. Several techniques have 

used model-based methods that estimate tissue viscosity by measuring wave velocity at 

multiple frequencies (wave velocity dispersion) and fit a dual- or multi-parameter 

rheological model to the wave velocity dispersion to estimate tissue elasticity and viscosity 

(Deffieux et al., 2009; Chen et al., 2009). A significant issue with these models (besides 

being models that may not describe the true viscoelastic relationships) is that they assume a 

fixed relationship between wave velocity and attenuation strictly based on the velocity 

measurements and without any knowledge of tissue attenuation at different frequencies. 

Because of the difficulty to measure tissue attenuation in vivo, these models cannot be 

verified. Thus, rheological model-free measurement of tissue viscoelasticity requires 

measurements of wave velocity and attenuation at a given frequency. Here, we present such 
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a method and refer to it as Attenuation Measuring Ultrasound Shearwave Elastography, or 

AMUSE. It should be noted that this method assumes a linear, homogeneous, isotropic, and 

viscoelastic medium, but no particular rheological model. AMUSE is a new method 

developed by our group that measures shear wave velocity and attenuation without a 

rheological model for characterization of tissue mechanical properties.

In its basic implementation, AMUSE requires the presence of a mechanical wave 

propagating in tissue and the ability to track tissue motion in the spatiotemporal domain. As 

both MR and ultrasound elastography techniques measure shear wave propagation in tissue, 

AMUSE could be applied across different shear wave elasticity techniques. A two-

dimensional Fourier Transform (2D FT) of the tissue motion as a function of time (t) and 

distance (x) results in the frequency (f) versus wave number (k) domain, also known as the 

k-space. The shear wave velocity and attenuation are directly related to the location and 

shape of the k-space magnitude maxima. The relationship between the shape of the peak in 

the k-space and the wave attenuation was derived and validated by our group and has not 

been reported before. The AMUSE shear wave velocity and attenuation is compared to the 

values obtained using laboratory reference method (gold standard) to estimate shear wave 

velocity through the phase gradient and the shear wave attenuation through the amplitude 

decay. Comparative studies in finite element models, a polyvinyl alcohol (PVA) phantom 

and an excised pig liver were performed evaluate the agreement between AMUSE and the 

laboratory reference methods. AMUSE was used to measure mechanical properties of post-

transplant livers with the potential of acute cellular rejection in patients and the results were 

correlated with biopsy findings.

Methods

Theory

Consider a source-free, one-dimensional, plane, harmonic, shear wave propagating in a 

linear, homogeneous, isotropic, viscoelastic medium that is described by the following 

equation,

(Eq. 1)

where u is the displacement, x and t are the spatial and time variables and always positive, 

respectively. G* is the complex shear modulus and ρ is the mass density. The fundamental 

equations of shear wave propagation can be found in (Achenbach, 2005; Graff, 1975; 

Kundu, 2003). The steady-state solution to Eq. for the case of a monochromatic wave is 

shown in Eq. (2):

(Eq. 1)
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where ω0 = 2πf0 is the angular frequency, f0 is the frequency of the wave, and u0 is the 

amplitude (at x = 0, t = 0) of the wave and is a real number. The complex wave number k0 

can be expressed in terms of angular frequency ω0, wave speed c and attenuation α(> 0) as,

(Eq. 2)

Combining Eq. (1) and Eq. (2) gives,

(Eq. 3)

Transforming u(x, t) to what we have termed “k-space” by taking 2D Fourier transform,

(Eq. 4)

where k and f are the wave number and frequency variables, respectively. Both of these 

variables are real. Because the two parts with x and t in Eq. (3) are separable, Eq. (4) can be 

simplified to,

(Eq. 5)

where FTt{.}FTt{·} and FTx{.} FTx{·} are one-dimensional (1D) Fourier transforms applied 

to the time and spatial domains, respectively. They are defined as,

(Eq. 6)

(Eq. 7)

Note that,

(Eq. 8)
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(Eq. 9)

where δ(·) is the Dirac delta function and ⊗ is the convolution operation. Substituting the 

corresponding parts in Eq. (5) with Eq. (8) and Eq. (9) gives,

(Eq. 10)

Its magnitude can be expressed as,

(Eq. 11)

Equation (11) shows that for a wave with frequency f0, the magnitude of its transform in k-

space has a corresponding peak at (k, f) = (f0/c, f0). Shear wave velocity (c) can be 

calculated by dividing the frequency (f0) and wave number (kmax) coordinates of the peak so 

that c = f0/kmax.

Now, let us consider the derivation of the wave attenuation from k-space. In practice, the 

amplitude at f0 is not infinite as the delta function would imply, but has finite amplitude. 

Denoting this function as δ(̂0) and defining u0δ̂(0) ≡ 2A, for reasons that will shortly be 

explained we obtain

(Eq. 12)

The maximum amplitude of Eq. (13) is,

(Eq. 13)

At half-maximum magnitude,
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(Eq. 14)

Solving for k, the two solutions are,

(Eq. 15)

Therefore, the full-width at half-maximum (FWHM) is,

(Eq. 16)

Using this result, wave attenuation at a particular frequency can then be estimated as,

(Eq. 17)

For some ultrasound elastography methods, the particle velocity instead of displacement is 

the raw measurement. The particle velocity is the time derivative of the displacement, so the 

differentiation property of the Fourier transform can be applied. It can be proven that Eq. 

(18) still holds in this case.

Eqs. (16)–(18) could be avoided by observing that the left-hand side of Eq. (15) is a 

Lorentzian distribution centered at f0/c and the FWHM property follows by definition.

After attenuation is estimated, the complex wave number k0 can be calculated using Eq. (3) 

and the material complex shear modulus can be estimated as,

(Eq. 18)

where GS and GL are the storage and loss shear moduli.

Thus, both the shear wave velocity and attenuation can be calculated from the 2D FT of the 

tissue displacement as a function of time and distance, and the complex shear wave number 

can be recovered without a rheological model in the medium assumed in Eq. (1).
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The impulsive focused acoustic radiation force produces a cylindrical wave whose energy 

dissipates via cylindrically shaped wave fronts of increasing radius as the wave propagates 

away from the source. The cylindrical wave front is different than the plane wave front, and 

the equation of particle motion in the direction of wave propagation (x) is governed by

(Eq. 20)

where  is the zeroth-order Hankel function, and  is the complex wave 

number. In the limit of (k0x) ≫ 0, equation (20) converges to:

(Eq. 21)

By multiplying both sides of the equation by , and observing that  is a 

constant, one obtains

(Eq. 22)

By comparing the right hand sides of equations (2) and (22), one can note that the two differ 

in the amplitude of the wave only, and that the relationship between the attenuation (α) and 

FWHM in equation (18) holds for the case of a cylindrical wave field multiplied by the 

square root of propagation distance vector.

Finite Element Analysis

Finite element analysis simulations were carried out in ABAQUS (version 6.12-1, 3DS Inc., 

Waltham, MA). The numerical phantom was simulated by a 2D 50 mm × 50 mm planar 

model of an infinite viscoelastic medium with the density of 1000 kg/m3 and mechanical 

properties defined in terms of the Voigt model where the elasticity (μ1) and viscosity (μ2) 

were μ1 = 4 kPa and μ2 = 4 Pa · s, respectively. The harmonic and impulsive excitations 

(displacement) were applied on one side of the phantom, while the other side was attached 

to an infinite region to minimize the reflections. The plane waves were excited by vibrating 

the entire side of the phantom for four full cycles of vibrations. The impulsive waves were 

excited by moving a single vertical line. The impulse was generated using a raised sine wave 

with the length of 200 μs. The phantom was meshed with linear quadrilateral elements (type 

CPE4H) of size 0.25 mm × 0.25 mm. The infinite region was meshed by infinite elements 

(type CINPE4). The temporal sampling rate was 10 kHz. The finite element model was 

solved by an implicit dynamic solver with automatic step size control. Mesh convergence 

tests were performed so that further refining the mesh did not change the solution 
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significantly. Particle velocity was extracted along the center line of the phantom to 

minimize the influence of boundary effects.

Polyvinyl Alcohol and Porcine Liver Studies

The polyvinyl alcohol (PVA) phantom was made from a mixture of 10% PVA by weight 

concentration dissolved in water as described in (Fromageau et al., 2007). Following the 

heating process, the mixture was poured into a Plexiglas mold with dimensions 8 × 8 × 8 

cm. The mixture was allowed to cool to the room temperature and placed in a freezer 

overnight. The measurements were made the next day. The excised liver was obtained from 

a local butcher shop the day before the study and was frozen overnight. A programmable 

ultrasound imaging platform (Verasonics, Inc., Kirkland, WA, USA) operating a 128 

element linear array L7-4 transducer with the center frequency of 5 MHz (Philips 

Healthcare, Andover, MA) was used to excite 400 μs impulse in the PVA and liver 

phantoms. A mechanical shaker (V203, Ling Dynamic Systems Limited, Hertfordshire, UK) 

was used to excite plate and cylindrical harmonic waves. A glass rod coupled with the 

shaker was glued to the material in a hole bored through the thickness of the samples. An 

acrylic plate 72 mm in width and 96 mm in height was placed on the side of the phantoms 

and coupled to the shaker to excite plane waves. Four cycles of sinusoidal waves were used 

to drive the shaker at different frequencies in the range 100–500 Hz. The displacements were 

on the order of tens of microns. Plane wave imaging detection pulses transmitted at a pulse 

repetition frequency of 10 kHz with a three angle compounding for an effective frame rate of 

3.33 kHz was used to track the motion along the line of propagation (Montaldo et al., 2009). 

Autocorrelation was used to obtain the displacement field (Loupas et al., 1995).

Patient Studies

The human studies were conducted according to a protocol approved by the Mayo Clinic 

Institutional Review Board (IRB#15-003367) during previously indicated biopsy studies. 

Fifteen patients with a liver transplant with a risk of acute cellular rejection who were 

undergoing clinically-indicated percutaneous liver biopsy were recruited for the study. Liver 

biopsies were obtained in a standard fashion via percutaneous approach with a core 

sampling needle on day 7 following the transplant surgery. All biopsy specimens were 

reviewed by expert pathologists familiar with the interpretation of liver allograft biopsies. 

Biopsy specimens were permanently fixed and stained with hematoxylin and eosin. The 

diagnosis of acute cellular rejection was made based on standard histologic criteria which 

include the presence or absence of portal tract lymphocytic infiltration, bile duct 

inflammation and venous endothelial inflammation (Demetris et al., 2000). The biopsy 

studies were compared to the AMUSE measurements of shear wave velocity and 

attenuation. The subject was laid supine on the examination bed with right arm abducted. 

For each measurement, a sonographer positioned the transducer using B-mode imaging to 

locate a relatively large liver region free of major vessels through an intercostal space. Then 

the subject was instructed to suspend breathing while the operator pressed the button to 

generate shear waves using ultrasound radiation force and record shear wave motion using 

high frame rate plane wave imaging technique. For each subject, 30 measurements were 

obtained at three different focal depths (35, 40, and 45 mm) with 10 repetitions at each focal 

depth. Each measurement consisted of a leftward and a rightward propagating wave for a 
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total of 60 measurements. A programmable ultrasound imaging platform (Verasonics, Inc. 

Kirkland, WA, USA) operating a C5-2 transducer with the center frequency of 3 MHz 

(Philips Healthcare, Andover, MA) was used to excite shear waves and track the motion. 

Three angle compounding plane wave imaging detection pulses transmitted at a pulse 

repetition frequency of 2.78 kHz was used to track the motion (Montaldo et al., 2009).

Results

Figure 1 summarizes the comparison between the traditional methods of calculating the 

shear wave velocity and attenuation using the phase gradient and amplitude decay, and the 

novel AMUSE approach. We consider the phase gradient and amplitude decay as laboratory 

reference methods that were used for comparison with AMUSE measurements. The phase 

gradient method measures the change of phase as a function of distance Δφ/Δr at a given 

frequency (f) and calculates the velocity as c = 2πfΔr/Δφ. The amplitude decay method fits a 

decaying exponential function (last term in Eq. (3)) to the decaying amplitude of the wave as 

a function of distance to obtain the attenuation, α. The amplitude decay technique is difficult 

to perform in vivo as it requires very good signal-to-noise ratio (SNR) and the data is 

typically very noisy. A finite element model (FEM) was used to study shear wave 

propagation. Plane harmonic, plane impulsive, cylindrical harmonic and cylindrical 

impulsive excitations were used to propagate waves in the medium. The plane waves were 

excited by vibrating a plane of elements inside the medium, perpendicular to the direction of 

wave propagation, which results in a uniform ‘planar’ wave front. The cylindrical waves 

were excited by vibrating a single line of elements perpendicular to the direction of wave 

propagation, resulting in a wave front that cylindrically radiates from the line of excitation. 

Using a line source is meant to mimic the use of a focused ultrasound beam to create the 

shear wave with acoustic radiation force. In the case of harmonic plane waves, the shear 

wave velocities and attenuations obtained using the traditional methods of phase gradient 

and amplitude decay (Figs. 1(a)–(c)) and the values obtained using AMUSE (Figs. 1(d)–(f)) 

are close to the theoretical values. Because the impulse contains multiple frequencies, the 

AMUSE method can extract the shear wave velocity and attenuation at several frequencies 

by finding the k-space peak at the given frequency, using c = f/kx, formula for the velocity 

and  for the attenuation. The sample impulse based measurements at 200 Hz are 

shown in Fig. 1(i).

Figure 2 shows the differences in the shape of the wave front for the plane harmonic, 

cylindrical harmonic and cylindrical impulse excitation. Note that the wave fronts for the 

cylindrical harmonic and impulse excitation have similar shape of the wave front (Figs. 2(e–

f)). The wave front due to focused acoustic radiation force is similar to the cylindrical 

impulse excitation.

Figures 3 and 4 summarize the importance of using the correction factor when estimating 

the shear wave velocity and attenuation in a cylindrical shear wave. The results in Figs. 3 

and 4 validate the shear wave velocity and attenuation measurements obtained using 

AMUSE against laboratory gold standard measurements. The shear wave velocity 

measurements were in good agreement with the phase gradient results for all excitation 

scenarios, while the evaluation of shear wave attenuation due to cylindrical excitation 
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requires the correction factor. The results in Figs. 3 and 4 validate the AMUSE method from 

the numeral and experimental perspective.

Following the validation in phantoms, AMUSE was used to measure shear wave velocity 

and attenuation in 15 liver allografts post-transplant. The results were compared to the 

biopsy findings as shown in Fig. 5. The average shear wave velocity and attenuation are 

shown in Fig. 6. The shear wave velocity and attenuation were extracted from the impulsive 

data at 100, 200, and 300 Hz. At all three frequencies, livers with acute rejection had higher 

velocity and lower attenuation than livers without acute rejection. We hypothesized that the 

increase in inflammatory cells present in the setting of acute cellular rejection would change 

the viscoelastic material properties of the liver and could be used to separate patients with 

and without acute rejection. The subjects with high attenuation and low velocity 

corresponded to the clinical findings of livers with no acute rejection. To assess the value of 

AMUSE results for separating the two groups to obtain a reliable diagnosis, we conducted a 

statistical analysis based on the Hotelling trace criterion (Fiete et al., 1987). The Hotelling 

trace criterion measures the goodness of clustering and separation of groups and was used to 

evaluate the ability of AMUSE to separate the patients with acute rejection versus no acute 

rejection liver transplants based on the velocity, attenuation, and velocity and attenuation 

combined. The results are summarized in Fig. 6 and Table I. The Hotelling trace criterion 

indicating the ability of parameters to separate two groups was better for the shear wave 

attenuation than velocity at 100 and 200 Hz. Using both the shear wave velocity and 

attenuation showed better separation power. The results at 300 Hz showed less separation. 

The results in Table I show that using wave attenuation in addition to the velocity improves 

the ability to separate the two groups of patients.

The Hotelling trace criterion was used to quantify the ability of the two metrics (velocity and 

attenuation) to separate the patient cohort into two groups, one with and one without acute 

cellular rejection. The Hotelling trace criterion measures the goodness of clustering of the 

data points and the power of separation of the two groups. The Hotelling trace criterion for 

the velocity(c), attenuation (α) and the combination of the velocity and attenuation (c, α)at 

100, 200 and 300 Hz are shown in Table I.

Discussion

We demonstrated the theoretical basis for recovering shear wave velocity and attenuation 

from a harmonic plane wave. Additionally, we showed that the k-space approach can be used 

in case of the cylindrical wave propagation, which is closer to the wave front due to focused 

acoustic radiation force. Results in Figs. 3 and 4 show validation of the AMUSE technique 

in an FEM simulation, a PVA tissue mimicking phantom and an excised pig liver, by 

comparing them to either the theory and/or our gold standard measurements. The results in 

Fig. 4 demonstrate the importance of using the  correction factor in order to obtain the 

accurate estimates of shear wave attenuation. The correction factor is used to account for the 

presence of a cylindrical wave when estimating the shear wave attenuation and is applied to 

the motion data before the Fourier transform. The correction factor was used because there 

was no obvious closed form analytical solution for cylindrical wave equation. In theory, the 

correction factor does not influence the shear wave velocity estimates (Eqs. 20–22). 
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However, the application of the correction factor also assumes presence of a perfectly 

cylindrical wave, which is beyond one’s control in experimental settings. Due to numerical 

errors, the correction factor could also result in a slight shift of the maxima in k-space, the 

contribution of which is beyond the scope of this study.

The patient study in Fig. 6 and the results in Table I show that the AMUSE method has the 

potential to differentiate between the livers with and without acute cellular rejection. Further 

studies with more subjects are necessary to draw more definite conclusions. In a similar 

study, Yoon, et al. used shear wave elastography to evaluate the presence of ACR in post-

transplant livers (Yoon et al., 2013). The Young’s moduli for patients with and without ACR 

were 12.14 ± 5.49 kPa and 6.33 ± 2.10 kPa, respectively. The Young’s modulus (E) was 

calculated via E = 3ρcs
2, where ρ is the tissue density and cs is the shear wave velocity. For 

comparison, the mean shear wave velocities for livers with and without ACR are roughly 

2.01 m/s and 1.45 m/s, respectively. These values are similar to our findings in Fig. 6. 

Studies showing the application of transient elastography ultrasound for monitoring of liver 

transplants have also been reported (Berenguer and Schuppan, 2013; Cholongitas et al., 

2010; Adebajo et al., 2012).

AMUSE was used to measure shear wave velocity and attenuation in 15 transplanted livers, 

and the results were compared to the biopsy results. The subjects with high attenuation and 

low velocity corresponded to the clinical findings of livers with no acute rejection, and the 

subjects with high velocity and low attenuation corresponded to mild acute rejection. The 

subjects with high velocity and low attenuation corresponded to clinical findings of minimal 

or mild acute rejection. An explanation for these results may be that the increased cellular 

infiltration in the livers undergoing acute rejection could cause the shear waves to propagate 

faster because the cells are packed tighter together in a confined volume and the effective 

tissue stiffness increases. Additionally, the attenuation decreases because the presence of 

additional cells in the liver displaces some of the interstitial fluid that may contribute to 

shear wave attenuation. Accurate estimation of shear wave velocity and attenuation could 

provide unique diagnostic indicators when combined as demonstrated in the liver transplant 

example. AMUSE could provide new information for a wide variety of ultrasound and MR-

based elastography methods. AMUSE can be used across ultrasound and magnetic 

resonance shear wave elastography techniques to study other disorders that result in changes 

of tissue mechanical properties.

Robust measurement of both shear wave velocity and attenuation with the AMUSE method 

allows for characterization of the viscoelastic properties of soft tissues without fitting data to 

a rheological model within the viscoelastic medium assumed in Eq. (1). AMUSE results 

could assist in diagnosis of rejection in liver transplant allografts. AMUSE could be 

extended to other organs and tissues that could be affected by inflammation and fibrosis as 

well as to study tissue edema.

It is important to note that the AMUSE method is developed with the assumption of 2D 

shear wave tracking obtained by the majority of ultrasound probes. The inherent assumption 

of this technique is the ability to track the wave propagation in-plane. Out-of-plane wave 

propagation would misestimate the values of shear wave velocity and attenuation. In 
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addition, due to the necessity for the correction factor to account of the presence of a 

cylindrical wave, accurate measurements with AMUSE require knowing the origin of the 

shear wave in space and time. In case of a plane wave, this limitation would not be needed.

The AMUSE method described in this paper was specifically predicated on the assumption 

of a linear, isotropic, homogeneous, and viscoelastic medium. Many elastographic methods 

have sought to characterize soft tissues using different sets of parameters despite the 

incredible complexity of the mechanical behavior of soft tissues. Using a minimal set of 

parameters to describe the mechanical behavior observed is often desired. For viscoelastic 

characterization the phase velocity dispersion or measured motion are often fit to models 

based on a rheological model (Chen et al., 2009; Deffieux et al., 2009; Gennisson et al., 

2014). The ultimate aim of this parameterization is to relate simple mechanical elements to 

the structure of the tissue and understand the measured mechanical behavior, i.e., wave 

velocity, wave attenuation. However, this type of parameterization requires a number of 

assumptions to be made that may or may not be valid. In the end, there is a trade-off 

between using a model with its accompanying assumptions and yielding a parameterization 

that provides clinically diagnostic elements which separate normal tissue from abnormal 

tissue. The AMUSE method is an approach to more robustly measure wave attenuation 

along with phase velocity, which in the case presented in this report on liver transplant 

characterization provided useful information to separate patients with acute cellular rejection 

from those without this condition.

Another limitation is the assumption of a cylindrical wave that is created by the acoustic 

radiation force push. The effects of this assumption were analyzed by Rouze, et al., and how 

accurate estimation of the attenuation may be affected by the shaped of the acoustic 

radiation force push beam (Rouze et al., 2015). The AMUSE method is also dependent on 

other general limitations of ultrasound-based shear wave elastography methods that rely on 

acoustic radiation force to generate the shear waves. The AMUSE method requires robust 

wave generation with the acoustic radiation force beam and motion detection methods to 

track waves that could be affected by phase aberration and attenuation (Amador et al., 2016; 

Carrascal et al., 2016).

Conclusion

Changes in mechanical properties of soft tissues are related to numerous diseases. The field 

of shear wave elastography has offered various techniques to measure mechanical properties 

of biological tissues. All biological tissues are inherently viscoelastic and ignoring the 

viscous component biases estimates of elasticity and fails to report an important tissue 

parameter. Measurement of tissue viscoelasticity without a rheological model requires 

independent measurements of both shear wave velocity and attenuation. We present such a 

method and refer to it as Attenuation Measuring Ultrasound Shearwave Elastography 

(AMUSE). AMUSE was used to measure shear wave velocity and attenuation in 15 

transplanted livers being assessed for acute rejection. The results show that the shear wave 

velocity and attenuation can be used to separate the livers with and without acute cellular 

rejection, and that using both parameters increases the Hotelling trace criterion for 

separation of groups. The results suggest that AMUSE can be used to assist in diagnosis of 
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rejection in liver transplants, and can be extended to other organs and tissues that could be 

affected by inflammation and fibrosis.
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Figure 1. 
Finite element model (FEM) analysis was used to model shear wave propagation in a 

viscoelastic medium at 200 Hz. The wave propagation as a function of time and distance (a) 

was used to calculate the shear wave velocity and attenuation using the gold standard 

methods of phase gradient (b) and amplitude decay (c) (values shown). A new method is 

based on performing a 2D FT of the wave propagation shown in (a) to obtain the k-space 

shown in (d), with the energy peak in at 200 Hz. The coordinates of the k-space are the 

frequency (f) and wave number (kx). The profiles of the peak along the frequency axis is 

shown in (e) and along the wave number axis in (f). Because the velocity c = f/kx, the wave 

velocity can be calculated directly from the k-space by finding the peak at the given 

frequency and dividing the f–coordinate by the kx– coordinate. The shear wave attenuation 

can be calculated by measuring the full-width-at-half-maximum (FWHM) of the peak in (f) 

and formula  (values shown). In case of an impulsive wave which contains 

multiple frequencies (g), the 2D FFT (h) has peaks at several frequencies. The shear wave 

velocity and attenuation at each frequency can be obtained by taking the profile along the 

kx–axis at each frequency. Panel (i) shows a sample calculation at 200 Hz (values shown). 

The true values are c = 2.85 m/s and α = 219 Np/m (μ1 = 4 kPa and μ2 = 4 Pa·s, and the 

Voigt relationship, 2πf0/c + iα = 2πf0 ((μ1 + i2πf0μ2)/ρ)−1/2, is evaluated at f0 = 200 Hz).
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Figure 2. 
Shear wave velocity is the rate of wave energy propagation as a function of time and 

distance, while the shear wave attenuation is the rate of wave energy dissipation as a 

function of distance. The shear wave velocity is unaffected by the shape of the wave front 

and the plane harmonic, cylindrical harmonic and cylindrical impulse excitations ((a)–(c)) 

result in the same shear wave velocity at a given frequency. The shear wave attenuation 

estimate, however, does depend on the nature of excitation since attenuation depends on the 

shape of the wave front of energy dissipation ((d)–(f)). Appropriate correction factors must 

be considered to correct for the cylindrical and spherical wave propagation. Shear wave 

ultrasound vibrometry methods use focused radiation force to move tissue and the geometry 

of such excitation can be approximated by a cylindrical source.
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Figure 3. 
Shear wave velocity was measured in the FEM simulation, PVA phantom and excised pig 

liver. In each medium, plane harmonic, cylindrical harmonic and cylindrical impulse sources 

were used to excite shear waves. In the FEM, the theoretical prediction curve is plotted as a 

solid line for comparison. In case of the PVA and excised liver phantoms, the velocity 

estimates using the phase gradient were considered the gold stand and are plotted for 

comparison. In the FEM, the velocity calculations using the phase gradient and the k-space 

method in plane harmonic waves are in good agreement with the theoretical curve (a); the k-

space-based velocities with and without the  correction for cylindrical harmonic waves 

are close to the theoretical values (b); similar pattern is observed in case of cylindrical 

impulse propagation (c). In the PVA phantom, the phase gradient and the k-space method are 

in good agreement for the harmonic plane wave propagation (d); the k-space based velocities 

with and without the correction in case of cylindrical harmonic waves are similar to the 

plane wave phase gradient measurements (e), as are the k-space velocities due to impulse (f). 

The pattern is similar in the excised pig liver (g)–(i).
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Figure 4. 
Shear wave attenuation was measured in the FEM simulation, PVA phantom and excised pig 

liver. Plane harmonic, cylindrical harmonic and cylindrical impulse sources were used to 

excite shear waves. In the FEM, the theoretical prediction curve is plotted as a solid line for 

comparison. In PVA and excised liver, the attenuation estimates using the amplitude decay 

were considered the gold stand and are plotted for comparison. In the FEM, the attenuations 

calculated from the amplitude decay and the k-space for plane harmonic waves are in good 

agreement with the theory (a); the k-space estimates with the  correction for cylindrical 

harmonic waves are close to the theoretical values, while the estimates without the 

correction are not (b); similar pattern is observed for cylindrical impulse propagation (c). In 

PVA, the amplitude decay and the k-space method are in good agreement for the harmonic 

plane wave propagation (d); the k-space attenuations with the correction in case of 

cylindrical harmonic waves are similar to the gold standard values, while the estimates 

without the correction are not as close (e); this pattern persists in case of the cylindrical 

impulse (f). The results are similar in the excised pig liver (g)–(i).
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Figure 5. 
AMUSE was used to measure shear wave velocity and attenuation in 15 transplanted livers 

post-transplant. The results were compared to clinical diagnoses made by liver biopsy. The 

patients were recruited from a cohort of patients undergoing clinical biopsies to assess for 

potential acute cellular rejection of the transplanted liver. During acute cellular rejection, the 

number of lymphocytes in the liver increases, while the overall fluid content of the liver 

remains relatively constant. Histological analysis of acute cellular rejection liver biopsies 

revealed increase of lymphocytes and plasma cells surrounding the portal tracts, as can be 

seen in the photomicrographs for the minimal/mild rejection. For each liver, 60 biopsy-like 

shear wave radiation force-based elastography measurements were made. The AMUSE 

processing method was used to obtain the shear wave velocity and attenuation at 100, 200 

and 300 Hz for all of the subjects. The results are summarized and compared to the biopsy 

findings in Figure 6 and Table I. (modified from (Company, 2007)).
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Figure 6. 
AMUSE was used to measure shear wave velocity and attenuation in 15 patients’ liver 

allografts following transplantation. Liver biopsy assessed the level of acute cellular 

rejection in all of the patients. Data points in red correspond to patients with minimal or mild 

rejection and data points in blue correspond to patients with no rejection. The data points in 

green correspond to a fibrotic allograft and were not used in further analysis. Panels (a)–(c) 

show the values of velocity and attenuation for the 15 patients at 100, 200 and 300 Hz. The 

velocity and attenuation values belonging to each group were separated and the average and 

standard deviation was computed for both the velocity and attenuation. The results at each 

frequency are shown in panels (d)–(f).
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Table I

Summary of the Hotelling trace criterion for the shear wave velocity, shear wave attenuation and the 

combination of the two at 100, 200 and 300 Hz.

100 Hz 200 Hz 300 Hz

c 2.4 1.2 1.0

α 3.6 2.6 0.6

c, α 5.1 2.7 1.1
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