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Abstract

Biomechanical properties of soft tissues are important for a wide range of medical applications, such
as surgical simulation and planning and detection of lesions by elasticity imaging modalities.
Currently, the data in the literature is limited and conflicting. Furthermore, to assess the
biomechanical properties of living tissue in vivo, reliable imaging-based estimators must be
developed and verified. For these reasons we developed and compared two independent quantitative
methods — crawling wave estimator (CRE) and mechanical measurement (MM) for soft tissue
characterization. The CRE method images shear wave interference patterns from which the shear
wave velocity can be determined and hence the Young’s modulus can be obtained. The MM method
provides the complex Young’s modulus of the soft tissue from which both elastic and viscous
behavior can be extracted. This article presents the systematic comparison between these two
techniques on the measurement of gelatin phantom, veal liver, thermal-treated veal liver, and human
prostate. It was observed that the Young’s moduli of liver and prostate tissues slightly increase with
frequency. The experimental results of the two methods are highly congruent, suggesting CRE and
MM methods can be reliably used to investigate viscoelastic properties of other soft tissues, with
CRE having the advantages of operating in nearly real time and in situ.
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INTRODUCTION

The biomechanical properties of soft tissues are intrinsically related to their composition. It is
well known that pathological processes typically alter the stiffness of soft tissues. Therefore,
digital palpation, a qualitative clinical tool, has been used for centuries to diagnose the presence
of localized tumors in accessible regions of the human body. Recently, thermal therapy
techniques such as radio frequency ablation (RFA), microwave, laser, and high-intensity
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focused ultrasound (HIFU) have been utilized to create tissue necrotic coagulation for killing
tumors. Those necrotic lesions appear stiffer than surrounding tissue as well. A better
understanding of the mechanical properties of soft tissues, including cancerous, thermal
treated, and normal tissues, is of particular importance for biomechanics and medical
applications, such as biomechanical modeling, surgical simulation and planning, and imaging
pathologies by elasticity estimators.

Although mechanical properties of structural materials have been studied and well
characterized by various mechanical testing methods for decades, little is known for most
biological soft tissues. Moreover, the mechanical properties of human soft tissues, such as
Young’s modulus and shear modulus, vary widely. For these reasons, various techniques have
been developed to image and characterize soft tissue viscoelasticity for diagnostic and/or
therapeutic monitoring. In the past two decades, five major elasticity imaging modalities have
been established to non-invasively image hard lesions in soft tissues based on their elasticity
contrast. They are either ultrasound (US)-based approaches such as vibration sonoelastography
(Krouskop et al. 1987; Lerner et al. 1988; Parker et al. 1990; Yamakoshi et al. 1990),
compression elastography (Ophir et al. 1991), transient elastography (Catheline et al. 1999;
Sandrin et al. 2002a; Sandrin et al. 2002b) and acoustic radiation force (ARF)-related imaging
(Bercoff et al. 2004; Fatemi and Greenleaf 1998; Nightingale et al. 2001; Sarvazyan et al.
1998), or magnetic resonance (MR) imaging-based approaches such as static MR elastography
(MRE) (Fowlkes et al. 1995; Plewes et al. 1995) and dynamic MRE (Bishop et al. 1998;
Muthupillai et al. 1995). Some of those noninvasive techniques have also been applied to
measure soft tissue mechanical parameters directly.

An early clinical evaluation of elasticity of human liver in various diffuse diseases was reported
by Sanada et al. (2000) using sonoelastographic measurement. The principle of the study is the
same as that of the shear wave estimation method developed by Yamakoshi et al. (1990). The
propagation of low-frequency vibration (40 Hz) in the liver was observed with a conventional
Doppler imaging system, and the velocities related to shear elasticity were measured by
vibration phase images. However, bias can be induced during measurement by refraction and
reflection of the propagating vibration waves at tissue boundaries, diffraction effects (Catheline
etal. 1999) and liver displacements during an acquisition time of 90 seconds. More recently,
one-dimensional (1-D) transient elastography (FibroScan®: Echosens, Paris, France) was
established for the assessment of liver stiffness (Sandrin et al. 2003). Supersonic shear imaging
(SSI), an ARF-based method, was developed to characterize breast tissue in vivo (Bercoff et
al. 2004).

The potential of dynamic MRE clinical implementation has been proven in preliminary human
studies in which the data of human prostate, breast, brain, muscle, and liver were presented
(Bensamoun et al. 2006; Bishop et al. 1998; Kemper et al. 2004; Kruse et al. 2000; Papazoglou
etal. 2006; Rouviere et al. 2006; Sinkus et al. 2005). In particular, Kruse et al. (2000) evaluated
porcine livers with MRE at multiple shear wave frequencies and reported that the wave velocity
and the shear stiffness increased with frequency. The shear stiffness measured with MRE was
3 kPa at 100 Hz. This technique provides high-resolution images, although its long acquisition
time (about 20 minutes) and high cost are a consideration.

Independently, mechanical testing-based methods can characterize soft tissue properties, and
thus be used as a comparison to elasticity imaging methods. In practice, the reliable data on
soft tissue properties are limited in the literature, although this need is vast. Several groups
(Dunn and Silver 1983; Hof 2003; Huang et al. 2005; Klein et al. 2005; Kuo et al. 2001; Lally
et al. 2004; Provenzano et al. 2002; Silver et al. 2001; Suki et al. 1994; Wu et al. 2003) have
reported findings on mechanical properties of some soft tissues, but most of their studies were
focused on tendons, ligaments, cartilage, skin, muscles, lungs, or arteries, which, to some
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extent, have active force-generating mechanical properties. In contrast, just a few publications
(Arbogast and Margulies 1998; Chen et al. 1996; Darvish and Crandall 2001; Krouskop et al.
1998; Liu and Bilston 2000; Nasseri et al. 2002; Phipps et al. 2005a, 2005b; Snedeker et al.
2005; Yang and Church 2006; Yeh etal. 2002) presented quantitative results on the viscoelastic
behavior of tissues such as brain, breast, prostate, liver, or kidney.

Liu and Bilston (2000) studied the viscoelastic properties of bovine liver tissue with three
testing methods: shear strain sweep oscillation, shear stress relaxation, and shear oscillation.
In the oscillation experiments, they found the storage shear modulus in a range of 1-6 kPa and
the loss shear modulus in a range of several hundred Pa for applied frequencies from 0.006 to
20 Hz. They also confirmed that liver tissue has fluid-like viscoelastic behavior by analyzing
the relaxation response of liver. In this study, they developed a linear 5-element Maxwell model
and fit the experimental data to the model. The choice of tissue model seems to vary with
different groups. Besides the three basic linear viscoelastic models (the Maxwell model, the
Voigt model, and the Kelvin model) described by Fung (1993), other linear, quasi-linear or
nonlinear models were also applied to fit the mechanical testing data. In particular, Szabo and
Wu (2000) derived a generalized 3-parameter Kelvin-Voigt (KV) model for viscoelastic
materials from the power law relationship. Taylor et al. (2002) further investigated the Kelvin-
Voigt fractional derivative (KVFD) model by fitting the liver relaxation data to this model.
Dynamic testing was performed by Kiss et al. (2004) on canine liver tissue, and the data were
fit to both the K\VFD model and the KV model. The complex Young’s modulus of the normal
liver tissue was measured from 4 to 9 kPa over a frequency range from 0.1 to 100 Hz. By
comparing the curve fitting results of the two models, they concluded that the K\VFD model
had better agreement with the experimental data than the KV model.

Krouskop et al. (1998) investigated the mechanical properties of normal and diseased breast
and prostate tissues with a uniaxial compression indentor at low frequencies (0.1, 1, and 4 Hz).
Their results showed that cancerous specimens had measurable elevated moduli compared to
normal tissues in the same gland. They reported benign prostatic hyperplasia had significantly
lower values (3641 kPa) than normal tissue; the normal anterior and posterior tissue had elastic
modulus values of 55-71 kPa under 2% or 4% precompression while cancer had values of 96—
241 kPa. In addition, they noted that the storage modulus accounted for more than 90% of the
complex modulus for frequencies above 1 Hz.

The biomechanical properties obtained from imaging methods such as MRE and SSI, however,
were not in agreement with the abovementioned mechanical testing results on either breast or
prostate specimens. With respect to the Young’s modulus, the SSI method provided a mean
value 3 kPa of the normal breast tissue and an elevated value of breast cancer about 9 kPa
(Bercoff et al. 2004). MRE measurements indicated that the peripheral portion of the prostate
was stiffer than the central portion. The mean Young’s modulus values were 9.9 kPa and 6.6
kPa, respectively (Kemper et al. 2004). Significant discrepancies were also found on the
reported stiffness of kidney tissue (Erkamp et al. 1998; Kruse et al. 2000; Nasseri et al. 2002;
Snedeker et al. 2005). The divergent reports of soft tissue properties are mainly caused by the
different choices of testing techniques, tissue models, compression frequencies, temperature,
sample variation, and other experimental factors. The assumption of a particular tissue model,
for example, purely elastic vs. viscoelastic, can greatly influence the estimates of tissue
properties.

The scarcity and inconsistency of published data on soft tissue properties motivated us to
develop reliable quantitative measurements for various soft tissues, which should be
independent and congruent with each other. Therefore, we propose the crawling wave estimator
(CRE) for visualizing shear wave interference patterns in phantom and soft tissues. The
crawling waves generated by a pair of external shear wave sources (Piezo Systems, Cambridge,
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MA, USA) interfere with each other, appearing as moving parallel stripes in sonoelastography
images. An earlier paper (Wu et al. 2004) proved that the spacing between the parallel strips
is half of the shear wave wavelength. With the measured shear wave wavelength and the known
driving signal frequency, we are able to calculate the shear wave velocity, and thus the Young’s
modulus of the material. Many soft tissues show both elastic and viscous behavior under
biomechanical characterization (Fung 1993). Hence, the stiffness of the tissue has a frequency
dependent response to mechanical vibrations, presented as frequency dependent shear velocity
and viscoelastic modulus. Independently, using MM of tissue core samples, we fit the stress
relaxation data into the KVFD model for measuring the viscoelastic properties of soft tissues
and compare the results to those obtained from the CRE method. In this study, our significant
effort focused on evaluating the accuracy of the two independent quantitative tissue
characterization techniques. Therefore, the congruence of the two techniques was investigated
on selected soft tissues such as veal liver, thermal-treated veal liver, and human prostate tissue.
In the literature, Chen et al. (1996) investigated the tissue elastic properties by performing
simple 1-D ultrasound time-of-flight (ToF) measurements and compressional stress-strain tests
on muscle and liver. The averaged relative errors of the two methods of tissue characterization
were 35% (muscle) and 29% (liver). To evaluate the accuracy of MRE measurement, several
groups compared their MRE results on tissue-mimicking materials with those from mechanical
measurements, either compression tests or dynamic shear tests (Hamhaber et al. 2003; Ringleb
et al. 2005). More importantly, the dynamic shear tests provided a frequency dependent shear
modulus of the materials in a low frequency range (10-50 Hz). However, such a comparison
study on soft tissue characterization is still lacking. In the present study, by comparing the two
independent quantitative measurements — CRE and MM — we are able to confidently validate
both methods for tissue characterization. Therefore, the two methods can be used to investigate
viscoelastic properties of other soft tissues. Moreover, the results of this study contribute to
the limited data currently available on viscoelastic properties of soft tissues such as veal liver
and human prostate.

THEORY

Shear wave interference patterns

The elasticity imaging measurements presented in this paper are based on an ultrasonic imaging
modality called sonoelastography. Sonoelastography measures and images the peak
displacement of the audio frequency local particle motion by analyzing the Doppler variance
of the ultrasound echoes (Huang et al. 1990). Vibration fields are mapped to a commercial
ultrasound scanner screen in real time. Regions where the vibration amplitude is low are shown
as dark green, while regions with high vibration are shown as bright green.

Wau et al. (2004) applied sonoelastography to measure shear wave velocity of interference
patterns. Following the experimental setup illustrated in Figure 1, two vibration sources of
identical frequencies and amplitudes were applied to the testing sample. The two sources are
placed opposing each other and their tips oscillate along a vector parallel to the surface of the
sample. The shear waves produced by the sources interfere with each other and are imaged by
the ultrasound transducer (7 MHz, GE Ultrasound, Wauwatosa, W1, USA) sitting on top of the
testing sample. Since sonoelastography only images the particle motion along the ultrasound
beam, only the y component of the wave motion is discussed.

Under the plane wave assumption and considering a homogenous sample, the shear waves
introduced by the right (Wyignt) and left (W) vibration sources can be described as follows:

—as(—X+D/2)e—I(kl(—x+D/2)— wy t)

Wrig]zt= € )
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~a(x+D[2) ~ilkyx+D[2)-w,1)

w =e e (2)

left

where ag is related to the attenuation of the wave in the sample, D is the distance between the
sources, kq and ko are the wave numbers, and wq and w, are the frequencies of the vibration
sources. In this particular case, w=w;=w, and k=kq=ks. The resulting pattern is the
superposition of the two waves. The squared signal envelope (Ju(x,t)|2) will result in (Hoyt et
al.):

2
Lt O =W o * Wi d W et Wer)

2a x —2a_x . 5
| ulx, t)I2 =e(D/2)[e CI 57, g2thkx 21kX] 3)

| ulx, i’)l2 = 26(0/2)[ cosh (2asx)+ cos (2ikx)]

The interference patterns described in equation 3 depend on a hyperbolic cosine and a cosine
term. If a region far from the sources is analyzed, the hyperbolic cosine term can be dropped.
Under such consideration, the spatial frequency of the interference patterns becomes 2k. Thus,
the interference fringe spacing is half the shear wave wavelength (As). The shear wave velocity
(vs) is estimated as:

Vo= /15 f (4)
where f is controlled and given by the vibration sources and A is measured from the image. In

soft tissue, the relationship between Young’s modulus (E) and shear wave velocity can be
approximated as follows:

E=3p(v )2 (5)

where p is the mass density (approximately 1 g/cm3).

If there is a slight difference in frequency between the vibration sources, the interference
patterns will slowly move towards the source with lower frequency. These moving patterns
were termed “crawling waves.” The advantage of crawling waves is that they provide more
observations to estimate the shear velocity of the testing sample, which is helpful in conditions
of high tissue attenuation, small regions of interest, and poor signal-to-noise ratio.

The KVFD model

Previous studies have revealed that most biological soft tissues exhibit viscous behavior in
addition to their better-known elastic properties. The viscoelastic properties of soft tissues are
generally modeled as a combination of springs and dashpots because of their simplicity and
ease of use. Caputo (1967) introduced fractional calculus into the field of viscoelasticity. He
proposed a modified KV model which consists of a spring in parallel with a dashpot where the
stress in the dashpot is equal to the fractional derivative of order a of the strain. Koeller
(1984) first derived the stress relaxation function, with a time dependence t™® in the function
for the KVFD model. In a recent paper, Szabo and Wu (2000) described a frequency dependent
power law for ultrasound attenuation in soft tissues, suggesting that many soft tissues can be
modeled by a generalized KV model where the dashpot is replaced by a convolution operator
(Chen and Holm 2003).

The KVFD model is a generalization of the KV model. In the KV model, stress in the dashpot

is equal to the first derivative with respect to time of the strain. The KVFD model consists of
a Hookean spring in parallel with a fractional derivative dashpot. The stress in the dashpot is
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equal to the fractional derivative of order a of the strain. This viscoelastic model contains three
parameters: Eg, n, and a. Eq refers to the relaxed elastic constant, n refers to the viscoelastic
parameter, and o refers to the order of fractional derivative. The relationship between stress
and strain in the K\VFD model is given by the following constitutive differential equation:

o(t) = EOe( )+ nD Y e(2)] (6)

where o is stress, ¢ is strain, and t is time.

The fractional derivative operator D* [ ] is defined by

’

1 t x (1)

- aJo dr &

DY x()] =

t- 9%

where I" is the gamma function. For the KVFD model we restrict that 0 < o < 1.

Stress relaxation

Stress relaxation tests were used to characterize the viscoelastic behavior of the biological
materials (Taylor et al. 2002). When a viscoelastic material is held at constant strain, the stress
decreases with time. To develop a form of the relaxation function, the applied strain is modeled
as a ramp of duration Ty followed by a hold period of constant strain gg. So the strain function
is:

0

when t > TO

(8)

(t/ To).e0 ifO< < T,
e(t) =
&,

0

Equation 8 has the Laplace transform:

& —sT,
els) = 0 (1—e > O) 9)

2
s T0

where s is the Laplace domain variable. By taking the Laplace transform of the constitutive
equation 6, we get

o(s) = Eos(s) + s Pel(s) (10

We substitute equation 9 into equation 10 and obtain

&

(11)

0(5) = EOZ—T
4o

We apply inverse Laplace transform to both of the terms in equation 6

‘0

— 9 (ilmayp— (e T1- -
+171_(27a)T0t u(t) = (2= Tl 7 qult - 7)) (12)

&
0
olt) = EOTO(t"(t) — (- TO)u(t— TO))

where u () is the unit step function. Therefore, the stress response during the ramp period, 0 <
t<Tp, is
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& 80

0
Ty F(Z—a)TO

olt) = E, ¢lma (13)

During the hold period t > Ty, the response is obtained as

&

o(t) = Eye (tl_a*(tf Tyl~a (14)

0% " T2 - a)7,,
Frequency response: complex modulus

Frequency domain response can be obtained from the time domain response and have a
complex valued Young’s modulus at any frequency. Taking the Fourier transform of the
constitutive equation 6 yields

ow) = Eoe(a)) + 7 jo) F el w) (15)

where w is radian frequency and j=+/— 1. If the radian frequency is restricted to be positive,
i.e.,, >0, equation 15 becomes

.Ta

J
olw) = Eoe(a)) + e 2 w%elw) (16)
which is then factored to obtain the complex modulus E*(w),

E*(w)=%=[Eo+ncos(%)wa}+j[nsin (%)wa] 17

Since w = 2zf, we rewrite equation 17 to express the complex Young’s modulus as a function
of frequency (E*(f)).

Ex(f)= {EO+ 7 cos %)(271’1")“] + ‘/{n sin (%)(ZEf)a} (18)

The magnitude of E *(f) can be expressed as

LE*(£)] =4/502+2E077cos(%)(2nf)“+nz(znf)za (19)

From equation 19 we can derive the storage modulus, E'(f), which is the real part of the complex
modulus, and the loss modulus, E"(f), which is the imaginary part.

E/(f)= Ey* ncos %)(27‘[1")‘1 (20)

E”( )= nsin(%)(f!nf’)a (21)

Figure 2 shows a diagram of the K\VFD model (a), the typical data acquired from stress
relaxation testing (b), and the typical magnitude of complex Young’s modulus as a function
of frequency using equations 20 and 21 with the derived parameters Eg, n, and o for each case

(c).

Ultrasound Med Biol. Author manuscript; available in PMC 2008 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al. Page 8

MATERIALS AND METHODS

Tissue-mimicking gelatin phantom and specimen preparation

A cuboidal-shaped gelatin phantom (8 x 9 x 12 cm3) was produced for the preliminary study.
The mechanical properties of the phantom are intended to mimic human soft tissue properties,
especially Young’s modulus and speed of sound. The phantom was made from 1000 mL lab-
made degassed, deionized water, 7.8% (w/w) food gelatin (Knoxx), 10% glycerol (v/v), 0.9%
sodium chloride (w/w) and 0.5% graphite powder (w/w) as scatterers. The water was first
heated to near boiling and then placed on the stirring plate, with a magnetic rod used to stir the
water. The proper mass of gelatin powder was weighed and slowly added to the water. After
most of the gelatin was dissolved, the solution was boiled again in a microwave oven with
plastic wrap covering the container. Then the graphite powder was mixed into the solution.
The mixture was cooled for about 50 minutes while stirring before the glycerol was finally
mixed into the solution. The gelatin phantom was stored at approximately 4 °C overnight. It
was then warmed up at room temperature (23 °C) for 4 hours before testing.

Whole fresh veal liver was obtained from a local butcher. Veal liver samples (approximately
8 x 8 x 6 cm3) were cut from the whole liver and refrigerated and stored in the lab-made
degassed saline overnight. To make a thermal-treated sample, the liver chunk was heated at 70
°C for 50 minutes in degassed saline and then cooled to room temperature.

Human prostates were obtained from the Pathology Department at the University of Rochester
Medical Center immediately following radical prostatectomy. The experimental protocol was
approved by our institutional review board, and written informed consents were obtained from
the two patients prior to radical prostatectomy to have in vitro imaging and mechanical testing
performed. Here, we assume the prepared tissue samples are incompressible and elastically
homogeneous.

Time-of-Flight (ToF) measurements on gelatin phantom

The shear wave ToF measurements were conducted on the gelatin phantom as an independent
standard. During the experiment, the gelatin phantom was placed between a pair of bending
motors (Piezo Systems, Cambridge, MA, USA); one functioned as a transmitter and the other
asareceiver. From the transmitter-receiver distance and time lag of the signal, we can calculate
the shear velocity in the phantom. Thus the Young’s modulus of the phantom can be estimated
from the shear velocity using equation 5. A detailed description of the ToF measurement is
presented in the earlier article (Wu et al. 2004).

Crawling wave estimator

Gelatin phantom, fresh and thermal-treated veal liver tissue samples, as well as excised prostate
glands were placed between a pair of shear wave sources known as bimorphs (Piezo Systems,
Cambridge, MA, USA). A GE Logiq 700 and a Logiq 9 Ultrasound Scanner (GE Ultrasound,
Wauwatosa, WI, USA) were specially modified to perform the sonoelastography functions.
Using those scanners, crawling wave movies were taken for each sample in a frequency range
from 80 to 280 Hz. The wavelengths of the shear waves were measured from the movies using
a model-based algorithm in MATLAB (The MathWorks, Inc., Natick, MA, USA). The shear
wave velocity and Young’s modulus were estimated from the measurements as described in
equations 4 and 5. The algorithm requires the user to input a region of interest (ROI). The user
selects an ROI which is far from the vibration sources. Under this consideration, the
interference patterns in the ROI look like parallel stripes (Figure 3a). A projection of the image
over the axis perpendicular to the stripes is built and fit into a cosine model (Figure 3b):

Y = Acos (271:](5)( -6)+D (22)
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Where Y is the projection built from the ROI; and A, kg, 6, and D are the parameters of the
model: amplitude, spatial frequency, phase, and offset, respectively. We note that ks =1/15 and
X'is the independent spatial variable.

This curve fitting process was repeated for all the observations (i.e., each frame in the crawling
wave movie). The final step was a cross optimization process performed over all observations.
The estimated parameter (k) is used to calculate the shear wave velocity (v5) and hence the
elasticity modulus:

2f

Vs T (1000 & X pixel__mm) (@3)

where f is the external vibration frequency and pixel_mm is the conversion factor from mm to
pixels.

Mechanical measurement and curve fitting

RESULTS

Cylindrical cores (approximately 9 mm in diameter and 7 mm in length) were acquired from
the gelatin phantom, fresh and thermal-treated liver tissues, and human prostates using a
custom-made coring knife. The core samples were soaked in saline at room temperature for at
least 30 minutes before mechanical testing. A 1/S mechanical device (MTS Systems Co., Eden
Prairie, MN, USA) with a 5 Newton load cell was used to test the core samples. The upper and
lower plates were coated with vegetable oil prior to testing. The core samples were put on the
center of the lower testing plate. The top plate was used as a compressor and carefully
positioned to fully contact the sample. After two minutes for tissue recovery, the uniaxial
unconfined compression controlled by TestWorks 3.10 software (Software Research, Inc., San
Francisco, CA, USA) was conducted to measure the time domain stress relaxation data at room
temperature. The compression rate and the strain value were adjusted to 0.5 mm/sec and 5%,
respectively. Throughout the test the stress required to maintain the compression was recorded
over time. Tests lasted about 700 seconds. The resulting data consisted of a plot of the stress
versus time under 5% strain. Multiple measurements were performed on each sample
sequentially with 15-minute intervals in between. Samples were put back in saline during
intervals to prevent dehydration. The prostate samples were later verified to be normal by
histology in the Pathology Department at the University of Rochester Medical Center.

The stress relaxation curve of each sample during the hold period was fitted to the K\VFD model
using the MATLAB curve fitting toolkit. The trust-region method for nonlinear least squares
fitting was applied on each curve. The averaged three model parameters, Eg, 1, and a, were
then obtained. Finally, the complex elastic modulus at any frequency was determined by the
Fourier transform of the time domain response.

The gelatin phantom

CRE experimental results—The CRE experiments were performed on the 7.8% gelatin
phantom. The two vibration sources were working at 100, 150, 200, 250, 300, and 350 Hz.
Figures 3a and 4 show the interference patterns presented in the phantom at 150 Hz and 100
Hz. The differences in the wavelengths are apparent in the two images. The product of the
wavelength and the signal frequency yields the shear wave velocities. The Young’s modulus
of the phantom, therefore, was calculated at each frequency using equation 5, where a gelatin
density of 1.05 g/cm3 was used.
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Shear wave ToF results—On the gelatin phantom, shear wave ToF measurements were
conducted. The distance between the tips of the transmitter and the receiver was 11.1 cm. When
manually triggered at a certain frequency (100, 200, 300, or 400 Hz), one cycle of pulse at that
frequency was transmitted into the phantom through the transmitter. The time lag between the
received signal and the transmitted signal was 40.8 ms at 100 Hz. The shear wave velocity and
the Young’s modulus were then calculated as 2.72 m/s and 23.32 kPa, respectively.

MM and curve fitting results—Four stress relaxation tests were conducted on the gelatin
core sample. Figure 5 shows the typical stress relaxation curve of the sample at 5% strain. The
curve was then fitted into the K\VFD model. The parameters were applied in equation 19 to
calculate the magnitude of complex Young’s modulus as a function of frequency. According
to equations 20 and 21, the storage modulus (the elastic component) was greater than the loss
modulus (the viscous component) by a factor of 10. In other words, the elastic part of the
complex modulus dominated in the gelatin phantom. After that the shear velocity was estimated
using equation 5.

Data comparison—Table 1 shows the results of the shear velocity and the Young’s modulus
of the 7.8% gelatin phantom at 100, 200, and 300 Hz using the three different approaches
described above. Taking the shear wave ToF results as the standard, the errors in Young’s
modulus measurement on the gelatin phantom were less than 7% with the MM approach and
less than 4% with the CRE approach, respectively. Graphical comparisons of the shear wave
velocity and the Young’s modulus versus frequency measured with the three methods — CRE,
MM, and ToF — can be seen in Figure 6. With the MM approach, each data point represents
the averaged value over the total number of tests at that frequency. The error bars represent
the standard deviation of the experimental data. Note that the magnitude of complex Young’s
modulus was calculated from equation 19 and used here for comparison. To estimate the shear
wave wavelength accurately with the CRE approach, we divided the distance from the start of
the first detectable stripe to the last by the corresponding number of wavelengths. The
measurement at each frequency was repeated several times. Since multiple measurements
provided very consistent results with less than 1% error, we did not plot the standard deviation
on the curve. The three curves in Figure 6 are highly congruent.

The viscoelastic properties of soft tissues

To characterize soft tissue properties with the CRE approach, the crawling wave experiments
were conducted on fresh veal liver, thermal-treated veal liver, and human prostate. Figure 7
shows one of the images taken from the crawling wave movies in the liver (a) and in human
prostate (b). The measured moving velocity was used to calculate the shear velocity and the
Young’s modulus for each tested object, taking liver and prostate density of 1 g/cm3.

Figure 8 shows the stress relaxation curves of a fresh liver sample and a prostate sample at 5%
strain with curves fitted to the KVFD model. Each curve fitting had a correlation coefficient
value larger than 0.98, demonstrating that the stress relaxation curves were fitted very well to
the KVFD model. It was also observed that the stress needs quite a long time to reach the
equilibrium status, indicating that tissues like fresh liver and normal prostate are very soft
viscoelastic materials. Table 2 summarizes the best-fit parameters and correlation coefficient
(R?) values for all of the examined samples. The magnitude of complex Young’s modulus in
the frequency domain was determined with those model parameters. However, Ey was not
included in the table because the curve fitting results provided Eg values close to zero. This
finding indicates that Ey does not contribute significantly to the overall Young’s modulus in
those cases. Using equations 20 and 21, the storage modulus was calculated as greater than the
loss modulus by a factor of 4.5 for the fresh veal liver and a factor of 3.5 for the thermal-treated
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liver in the tested frequency range. The ratio of the storage modulus to the loss modulus for
the prostate was about 2.5. The shear velocity was estimated according to equation 5.

A comparison between the CRE results and the MM results of various soft tissues is illustrated
in Figure 9, including the estimation of the Young’s modulus as a function of frequency. Once
again, the MM approach provided the average magnitude of complex Young’s modulus with
the standard deviation. In the CRE approach, the frequency range was determined by the
visibility of the crawling waves in different tissues.

DISCUSSION AND CONCLUSIONS

When estimating the shear velocity using CRE, we observed a frequency lower limit exists
that is dependent on the material properties and imaging field area. Below this frequency limit,
the wavelength is too long compared to the width of the image window, and only a portion of
one wavelength displays in the image window. On the other hand, a frequency upper limit also
exists since viscoelastic materials’ shear wave attenuation generally increases with frequency.
Above this frequency limit, the energy of the two facing waves dies out before they significantly
interfere. For soft tissues like liver and prostate, the approach presented in this paper, using
crawling wave movies, is especially useful since the medium is very attenuating, and only a
few interference fringes (providing a small ROI) can be visualized in the center of the image
window (Figure 7b). This technique takes advantage of the different observations (each frame
in the movie) that provide more information to fit into the cosine model, and then gives us
reliable measurements of soft tissue properties. In addition, the precision of this imaging
technique relies on the image contrast and resolution; the detailed analysis is beyond the scope
of this paper.

In the mechanical testing experiments, several issues should be considered and handled
properly to reduce the variability of measurement on each sample. For example, it is necessary
to section the upper and lower surfaces of the cylindrical sample as parallel and as flat as
possible for compression tests. However, this requirement is hard to achieve, especially when
the sample is very soft, such as fresh liver and prostate. Two blades in parallel were used for
sample sectioning. Multiple tests were conducted on each sample. The results were averaged,
and the standard deviation was given to assess the repeatability of the stress relaxation tests.
The detailed analysis indicated that the variability due to the imperfect shape of the sample
was relatively small, as we expected. Another problem in the experiment was dehydration of
the sample. To minimize the dehydration effect, the side of each sample was coated with a thin
layer of Vaseline. This process was found to be effective during the tests.

There are three important parameters in the KVFD model: Eg, n, and a, as mentioned
previously. Interestingly, curve-fitting results always gave the examined soft tissues Eg values
approaching zero. To extract the relaxed spring parameter Eq, we note that in equation 14,
(e0) = Egeg, meaning when equilibrium is reached, Eg is the value of stress ¢ divided by the
applied strain, gy. As we know, the stress of a perfectly elastic material would be constant with
time, while for a Newtonian fluid the stress level would relax rapidly to zero. In our stress
relaxation tests, the stress response did not reach the equilibrium status for a long time and the
stress level was approaching zero asymptotically, indicating the tested soft tissues are fluid-
like viscoelastic materials. To further confirm this phenomenon, several long span tests were
performed on liver and cancerous prostate tissues. Figure 10 shows the stress responses of
those biological soft tissues during very long tests. Although we could not record the stress
relaxation curves long enough to reach the plateau due to the limit of the MTS system, we still
observed that the stress levels reached zero. Therefore, parameter Eq in the KVFD model was
observed to have a relatively small value and did not contribute significantly to the overall
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elasticity in our tests. However, for other soft tissues, Eg is not always negligible; this will be
discussed in a later paper.

With 0 < a < 1, the fractional derivative dashpot consists of not only the viscous component
but also the elastic component, with the modulus having both real and imaginary components.
Therefore, even when Eg is a very small number close to zero, the storage modulus,
corresponding to the elastic behavior of the tested soft tissue, is still greater than the loss
modulus, the viscous response of the tissue, by a factor of 2.5 or more. The value of a. is
noticeably related to the viscosity of the material, since the loss modulus increases with the
increase of a. The same tendency was found in the slope of the Young’s modulus versus
frequency curve, which increases with rising a.

By comparing the results of the two approaches, we did find that the derived Young’s moduli
were nearly congruent on soft tissue characterization. Although we assumed that tissue samples
were homogeneous, it is not always true practically. The inhomogeneity affected our
measurements to some extent. Therefore, on prostate sample 2, we took the same position in
the gland for both measurements (Figure 11). The results were closer, with the difference of
the Young’s modulus less than 10% in a range from 100 to 180 Hz. The average difference of
the Young’s modulus measured by the two approaches was less than 12.5% at 150 Hz for all
of the examined tissues. However, we observed that there was noticeable liver-to-liver
variability in the viscoelastic properties. For example, veal liver sample 3 measured with the
MM and the CRE approaches was about twice as stiff (29.9 + 1.2 kPa) as veal liver samples 1
and 2 (12.9 £ 3.8 kPa) at 120 Hz. This stiffness difference can be caused by the animals’ age
and process conditions such as time and temperature, etc. For thermal-treated livers and normal
human prostates, the individual stiffness variations were much smaller than that in fresh veal
livers. For instance, the Young’s modulus of thermal-treated livers measured with the two
approaches was 349.4 + 73.0 kPa at 150 Hz, and that of human prostates was 21.0 + 5.0 kPa
at 180 Hz.

In the present study, the CRE measurements were compared with stress relaxation tests with
the use of the viscoelastic KVFD model. The CRE versus MM results of the same sample were
plotted directly against each other. Our CRE approach provided shear wave interference
patterns from which the shear wave velocity can be determined and hence the Young’s modulus
can be obtained. The MM approach along with the KVFD modeling provided the complex
Young’s modulus of the soft tissue from which both elastic and viscous behavior can be
extracted, and the shear wave velocity can be calculated for comparison purposes. We observed
that both liver and prostate tissues have frequency dependent Young’s moduli that slightly
increase with frequency in the tested range, which is similar to the findings reported by Shau
etal. (2001). Our results on liver tissue characterization are comparable with the data reported
by several groups such as Kruse et al. (2000), Liu and Bilston (2000), and Kiss et al. (2004)
as mentioned earlier. Although different animal livers and testing methods were used, they did
observe that liver is viscoelastic and has a frequency dependent modulus over a tested frequency
range. The reports of prostate mechanical properties are fewer. Kemper et al. (2004)
investigated the shear stiffness of normal human prostates with an in vivo MRE technique.
Their results are in a similar range as ours. In contrast, Krouskop et al. (1998) applied dynamic
testing at low frequencies (0.1 to 4 Hz) on human prostate specimens. Their results were higher
than ours by a factor of 5. Phipps et al. (2005b) correlated the Young’s modulus with the
percentage of prostatic smooth muscle. However, a wide range of the Young’s modulus from
40 to 140 kPa was described in that article.

In summary, this study achieves three important accomplishments. First, we characterized soft
tissue properties with two independent techniques: the crawling wave estimator and mechanical
stress relaxation with results fit to the K\VFD model. Our investigation has indicated that the
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CRE technique is a feasible real-time imaging measurement for soft tissue characterization
within a certain frequency range. The stress relaxation test produces repeatable results which
fit well to the KVFD model (R2 > 0.93). The complex Young’s modulus estimated by the MM
technique may provide useful information, such as tissue viscosity, to advance tissue
characterization. Second, this paper is the first attempt to compare these two quantitative
measurements of various soft tissues. In previous studies, the two techniques were investigated
individually on a gelatin phantom or liver tissue. The validity of those results, however, had
not been thoroughly studied. The congruence of the two methods on liver and prostate tissue
characterization confirms their robustness and suggests they can be used to investigate
viscoelastic properties of other soft tissues. Particularly, as an imaging modality, the CRE
technique has the potential to be utilized for in vivo soft tissue measurements, offering a simple
and effective real-time approach to quantify tissue properties. Finally, the results contribute to
the limited information in the literature on the viscoelastic properties of soft tissues such as
veal liver and human prostate.
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Figure 1.
Experimental setup for the crawling wave estimator. Two bimorphs (a), in contact with the
testing sample (b), vibrate in the direction perpendicular to the ultrasound transducer (c).
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Figure 2.

A diagram of the KVFD model (a), the typical stress relaxation curves obtained from different
soft tissues (b), and the typical frequency dependent Young’s moduli of soft tissues with
different stiffness (c).
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Figure 3.
The user selects a region of interest (a) from the crawling wave movie. A projection is built
from that region and fit into a cosine model (b). The image was acquired with a GE Logiq 700.
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Figure 4.
Sonoelastography image of shear wave interference patterns in the 7.8% gelatin phantom. Both
sources vibrated at 100 Hz. The image was acquired with a GE Logiq 700.
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The stress relaxation of the 7.8% gelatin sample at 5% strain and its curve fit using the KVFD
model. The dots are experimental data points. The solid line is the response predicted by the
KVFD model. Model parameters for this fit are n = 15.39 kPa seca, a = 0.058, and Eg close to

0 Pa (R? = 0.952).

Ultrasound Med Biol. Author manuscript; available in PMC 2008 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 23

10 —T T T T T
—&— Gelatin 7.8%, CRE [
| =% Gelatin 7.58%, Mh [ ]
—& — Gelatin 7.8%, TaF
=
£
=
‘o
=
a
=
=
i)
=
oy
DD il I i I i
80 90 100 200 300 400 500 BOO0
frequency (Hz)
Fig 6(a)
10’ . . ;
—&— Gelatin 7.8%, CRE |
—#— Gelatin 7.8%,
—&r = Gelatin 7.8%
w
@
=
w
04 i 1 1 i I i
80 90 100 200 300 400 500 BOO0

frequency (Hz)

Fig 6(b)

Figure 6.
Comparison of the three approaches for estimation of the shear velocity (a) and the Young’s
modulus (b) of the 7.8% gelatin phantom as a function of frequency.
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Fig 7(b)

Figure 7.

A snapshot of the moving patterns propagating through the fresh veal liver (a) imaged with a
GE Logiq 700 and through human prostate (b) imaged with a GE Logiq 9. The frequencies of
external vibration were 140 and 140.1 Hz for the liver, and 120 and 120.15 Hz for the prostate.
The yellow outline in the prostate image is the profile of the prostate boundary delineated from
the corresponding gray scale image. The arrows indicate the near-field artifact. Therefore, only
a small ROI is visualized in the center of the image window.
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Figure 8.

The stress relaxation curves of a liver sample (a) and a prostate sample (b). The curves were
fitted to the KVFD model. The dots are experimental data points. The solid line is the response
predicted by the KVFD model. The R2 values of the two curve fittings are 0.983 and 0.984,

respectively.
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Figure 9.

Comparison of the CRE results and the MM results on fresh veal liver (a—c), thermal-treated
liver (d, ), and normal human prostate (f, g) tissues. The magnitude of complex Young’s
modulus is plotted against frequency for each soft tissue sample.
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Figure 10.

The stress relaxation of veal liver (a) and thermal-treated liver (b) over long times. The liver
data is noisy because the stress levels were well below the full scale value of the load cell. We
smoothed the data with the MATLAB “robust lowess” method and a span of 0.25.
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Figure 11.
The crawling waves propagate through the region of interest in the prostate. After imaging, the
core sample was taken in the same position for a better comparison.
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Table 1
Summary of shear velocity and Young’s modulus measurements of the 7.8% gelatin sample using three methods:
CRE, MM, and ToF. With the ToF method as the standard, the percentage of errors in the CRE and MM methods
are presented in the parentheses.

Frequency (Hz) Measured parameters| CRE MM ToF
100 v, (m/s) 2.7 (0.74%) 2.7 (1.10%) 2.7

|E*| (kPa) 23.7 (1.42%) 22.7 (2.49%) 23.3

200 v, (m/s) 2.7 (1.49%) 2.8 (2.23%) 2.7

|E*| (kPa) 22.1 (3.54%) 23.8 (3.89%) 22.9

300 v, (m/s) 2.7 (0.37%) 2.8 (3.35%) 2.7

|E*| (kPa) 23.0 (0.66%) 24.4 (6.60%) 22.§j
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Table 2
Best-fit parameters for tested samples using the KVFD model.

Sample type No. of tests 7 (kPas® a R’
7.8% Gelatin 4 151004286 0.064+0.008} 0.958]
Veal liver #1 3 7820+£1050 0.111+0.020) 0.927]
Veal liver #2 3 5130+885 0.122+0.033} 0.977]
Veal liver #3 3 4730361 0.274+0.025| 0.983]
Thermal-treated liver #1i 4 102000415400 0.180+0.024] 0.998
Thermal-treated liver #2| 4 145000423600 0.150+0.021! 0.999
Human prostate #1 3 348042 0.219+0.037| 0.944)
Human prostate #2 4 5110+£1590 0.238+0.045] 0.973]
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