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Abstract—Quantification of mechanical properties of human prostate tissue is important for developing sono-
elastography for prostate cancer detection. In this study, we characterized the frequency-dependent complex
Young’s modulus of normal and cancerous prostate tissues in vitro by using stress relaxation testing and
viscoelastic tissue modeling methods. After radical prostatectomy, small cylindrical tissue samples were acquired
in the posterior region of each prostate. A total of 17 samples from eight human prostates were obtained and
tested. Stress relaxation tests on prostate samples produced repeatable results that fit a viscoelastic Kelvin-Voigt
fractional derivative (KVFD) model (r2>0.97). For normal (n � 8) and cancerous (n � 9) prostate samples, the
average magnitudes of the complex Young’s moduli (|E*|) were 15.9 � 5.9 kPa and 40.4 � 15.7 kPa at 150 Hz,
respectively, giving an elastic contrast of 2.6:1. Nine two-sample t-tests indicated that there are significant
differences between stiffness of normal and cancerous prostate tissues in the same gland (p < 0.01). This study
contributes to the current limited knowledge on the viscoelastic properties of the human prostate, and the
inherent elastic contrast produced by cancer. (E-mail: mazhang@seas.rochester.edu) © 2008 World Federa-
tion for Ultrasound in Medicine & Biology.
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INTRODUCTION

Prostate cancer is one of the most common cancers
among American men, frequently found by palpation of
a firm nodule on digital rectal examination (DRE) or by
a blood test of prostate-specific antigen (PSA) level.
Currently, transrectal ultrasound (TRUS)–guided biopsy
is the only standard for prostate cancer diagnosis. How-
ever, this invasive sampling procedure still fails to detect
10–30% of prostate cancers. Therefore, elasticity imag-
ing techniques (either ultrasound-based or magnetic res-
onance–based) are highly desirable to improve prostate
cancer detection. These imaging modalities, along with
palpation, are based on the empirical knowledge that
prostate cancer is usually stiffer than surrounding normal
tissue.
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As one of the elasticity imaging modalities, sono-
elastography has been systematically investigated and its
potential to differentiate between normal and cancerous
tissue in human prostate has been demonstrated in a
previous article (Taylor et al. 2005). Sonoelastography
measures and images the peak displacement of a local
particle by analyzing the Doppler variance from the
ultrasound echoes. In sonoelastographic images, the
brightness of the green channel represents the amplitude
of vibration of the local tissue. A stiff lesion is shown as
dark green and surrounding normal tissue appears bright
green. Figure 1 illustrates a B-mode ultrasound image of
an excised human prostate, the corresponding sonoelas-
tographic image and the histology photograph. The ma-
lignant tumor is more noticeable in the sonoelastogram
than in the sonogram. Quantitative characterization of
soft tissues is, therefore, of particular importance for
determination of the efficacy of sonoelastography and
other elasticity imaging modalities for prostate cancer

detection.
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Although mechanical properties of structural materials
have been studied and well characterized by various me-
chanical testing methods for decades, the reliable data on
soft tissue properties are limited. 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. In
contrast, just a few publications (Jalkanen et al. 2006a,
2006b; Krouskop et al. 1998; Phipps et al. 2005a, 2005b;
Yang et al. 2006) presented quantitative results on prostate
tissue stiffness. Krouskop et al. (1998) investigated the

Fig. 1. (a) Matching B-mode ultrasound, (b) sonoelastog
prostate cancer detection. The profile of the prostate is d
used on the corresponding sonoelastographic image. The
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mechanical properties of normal and diseased prostate tis-
sues with displacement loading experiments. These results
showed cancerous tissue had a measurable elevated
Young’s modulus compared with normal tissue in the same
gland. Jalkanen et al. (2006b) measured the stiffness of
prostate tissues with a piezoelectric resonance sensor. Sub-
sequently, they related their measurements to tissue mor-
phology and concluded that cancer greatly increases the
measured stiffness (Jalkanen et al. 2006a). A British group
(Phipps et al. 2005a, 2005b; Yang et al. 2006) also corre-
lated prostate tissue stiffness, tested by dynamic indentation
technique, with tissue composition such as the percentage
of prostate smooth muscle, epithelium and stroma.
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stiffness of tissue has a frequency-dependent response to
mechanical vibrations, presented as the viscoelastic mod-
ulus. The viscoelastic properties of soft tissues are gen-
erally modeled as a combination of springs and dashpots.
The choice of tissue model seems to vary with different
groups. Besides the three basic linear viscoelastic models
(the Maxwell model, the Kelvin-Voigt model and the
standard linear solid model) described by Fung (1993),
other linear, quasi-linear or nonlinear models have also
been applied to describe mechanical testing data. Caputo
(1967) first introduced fractional calculus into the field of
viscoelasticity. He proposed a modified Kelvin-Voigt
(KV) model that consists of a spring in parallel with a
dashpot where the stress in the dashpot is equal to the
fractional derivative of order � of the strain. Koeller
(1984) derived the stress relaxation function, with a time
dependence t–� in the function for the Kelvin-Voigt
fractional derivative (KVFD) model. Later, Bagley and
Torvik (1986) described molecular theories that pre-
dicted the macroscopic behavior of some viscoelastic
polymers and established a link between those theories
and the empirical approach from fractional derivative
models. Suki et al. (1994) argued that the molecular
theories derived for polymers may also apply to soft
tissues because biological tissues consist of long flexible
biopolymers. They used the fractional calculus in bio-
mechanics and discussed the utility of the single frac-
tional dashpot to the KV model. A paper by 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. Taylor et al. (2002b) further investigated the
KVFD model by fitting the liver relaxation data to this
model. Dynamic testing was performed by Kiss et al.
(2004) on canine liver, and the data were fitted to both
the KVFD model and the KV model. After comparison
of the curve fitting results of the two models, they con-
cluded that the KVFD model had better agreement with
the experimental data than the KV model.

Dynamic testing or cyclic loading, however, is de-
pendent on the system. At higher frequencies (e.g., �200
Hz), electronic artifacts dominate. Hence, the results are
unlikely precise. Sonoelastography and other studies re-
quire understanding of tissue responses at a higher fre-
quency range which cyclic loading cannot provide. The
stress relaxation testing combined with the KVFD model
may easily address this problem by fitting the relaxation
data into the model. Therefore, we propose to use this
method to investigate prostate tissue properties at differ-
ence frequencies.

This study is our first attempt to use the tissue stress
relaxation experiment and the viscoelastic KVFD model

for the investigation of the viscoelastic properties of
human prostate tissues. Results from crawling wave es-
timation, an independent imaging method, are provided
as a comparison. The objectives of this study are two-
fold: (i) to establish a reliable and accurate technique for
measuring the biomechanical properties of soft tissues,
and (ii) to quantitatively characterize and compare the
viscoelastic properties of normal and cancerous human
prostate tissues in vitro.

MATERIALS AND METHODS

The Kelvin-Voigt Fractional Derivative (KVFD) model
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 (Fig. 2). The stress in
the dashpot is equal to the fractional derivative of the
strain. The KVFD model contains three parameters: E0,
�, and �, where E0 refers to the relaxed elastic constant,
� refers to the viscoelastic parameter, and � is the order
of fractional derivative. The relationship between stress
and strain in the KVFD model is given by the following
constitutive differential equation:

��t� � E0��t� � �Da���t�� (1)

where � is stress, � is strain.
D� [ ] is the fractional derivative operator defined

by

D��x�t�� �
1

��1 	 ���0

t x � �
�
�t 	 
��d
 (2)

Fig. 2. A diagram of the KVFD model.
where � is the gamma function and x�(t) refers to the first
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derivative of the function x(t) with respect to t. For the
KVFD model we restrict that 0 � � � 1.

Stress relaxation
Stress relaxation is one of the characteristics of

tissue viscoelasticity. 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 T0, followed by
a hold period of constant strain �0 (Taylor 2002a). So the
strain function is:

��t� ���t ⁄ T0��0 if 0 � t � T0

�0 when t � T0
(3)

By taking the Laplace transform of the constitutive eqn
(1) and eqn (3), we get

��s� � E0��s� � �s���s� (4)

��s� �
�0

s2T0
�1 	 e	sT0� (5)

where s is the Laplace domain variable. We substitute
eqn (4) into eqn (5) and obtain

��s� � E0

�0

s2T0
�1 	 e	sT0� � �

�0

s2	�T0
�1 	 e	sT0� (6)

Then, inverse Laplace transform is applied to both of the
terms in eqn (6)

��t� � E0

�0

T0
�tu�t� 	 �t 	 T0�u�t 	 T0��

� �
�0

��2 	 ��T0
�t1	au�t� 	 �t 	 T0�1	au�t 	 T0�� (7)

where u ( ) is the unit step function. Therefore, during the
hold period (t � T0) of the stress relaxation curve, the
response of a material exhibiting KVFD behavior is

��t� � E0�0 � �
�0

��2 	 ��T0
�t1	a 	 �t 	 T0�1	a� (8)

Frequency response: The complex Young’s modulus
Frequency-domain response can be obtained from

the time-domain response and has a frequency-depen-
dent complex-valued Young’s modulus. Taking the Fou-
rier transform of the constitutive eqn (1) yields

��
� � E0��
� � ��j
�a��
� (9)

where 
 is radian frequency and j � �	1. The radian
frequency is restricted to be positive, i.e., 
 � 0. Because

 � 2�f, the complex modulus as a function of fre-

quency E*(f) is then obtained by
E∗�f� �
��f�
��f� � �E0 � �cos	��

2 
�2�f�a�
� j��sin	��

2 
�2�f�a� (10)

The magnitude of E∗�f� can be expressed as

�E∗�f����E0
2 � 2E0�cos	��

2 
�2�f�a � �2�2�f�2a

(11)

From eqn (10) we get 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� � E0 � �cos	��

2 
�2�f�a (12)

E � �f� � �sin	��

2 
�2�f�a (13)

The storage modulus is related to the elasticity of the soft
tissue, whereas the loss modulus is related to the viscos-
ity.

Prostate specimen preparation
Human prostates were obtained from the Pathology

Department at the University of Rochester Medical Cen-
ter immediately after radical prostatectomy. The experi-
mental protocol was approved by our institutional review
board, and written informed consents to have mechanical
testing performed were obtained from prostate cancer
patients before radical prostatectomy. The prostate was
sectioned. Then cylindrical cores (approximately 8 mm
in diameter and 7 mm in length) were acquired from the
posterior zone of the prostates where cancer often occurs
(Cheng et al. 2005). A total of 17 fresh tissue specimens
were collected from eight patients who had not received
any hormone treatment before surgery. The mean age of
the patients was 63 y (range 55–76) and the mean PSA
level was 6.1 �g/mL (range 3.6–9). The prostate speci-
mens had a Gleason score of 3 � 4 or greater, according
to the reports from the Pathology Department. The core
samples were soaked in saline before mechanical testing.
Within 2 h of prostate resection, mechanical testing was
performed on the tissue samples at room temperature.
We assumed the prepared tissue specimens are isotropic
and homogeneous.

Mechanical testing and curve fitting
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 (Fig. 3). The upper and lower

platens were coated with vegetable oil before testing. To
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minimize the dehydration effect, the side of each sample
was coated with a thin layer of petroleum jelly. The core
sample was then put on the center of the lower testing
plate. The top plate was used as a compressor and care-
fully positioned to fully contact the sample. After two
minutes for tissue recovery from precompression, a uni-
axial 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 compres-
sion rate and the strain value were adjusted to 0.5 mm/s
and 5%, respectively. Throughout the test the stress
required to maintain the specified compression was re-
corded. Tests lasted about 700 s. The resulting data
consists of a plot of the stress vs. time under 5% strain.
Multiple measurements were performed on each sample
sequentially with 15-min intervals in between. Samples
were put back in saline during intervals to prevent de-
hydration. The stress-relaxation curve of each sample
during the hold period was fit to the KVFD model using
the MATLAB Curve Fitting Toolbox (The MathWorks,
Inc., Natick, MA, USA). Nonlinear least squares fitting
was applied on each curve. The averaged three model
parameters, E0, � and �, were then obtained. These
model parameters were then used in eqn (10) to predict
the value of the complex modulus at any frequency using
the KVFD model.

Histologic assessment
After mechanical testing, prostate core samples

were fixed in 10% formalin solution for at least 24 h, and
then sent to the Pathology Department. Routine histology
with hematoxylin and eosin (Richard-Allan Scientific,
Kalamazoo, MI, USA) staining was performed by histo-

Fig. 3. Experimental set-up for mechanical testing of prostate
core samples.
pathology technicians. At least two histologic slices were
obtained from each core. The slices were analyzed by
pathologists using microscopy. Then the cancer percent-
age was measured and reported for the investigation of
the correlation between mechanical and histologic find-
ings. The pathologists were blinded to the results of
mechanical testing. Prostate specimens containing more
than 50% cancer were considered cancerous tissue. The
range of cancer in these specimens was from 60% (one
sample) to 100% (three samples), with an average of
83%. The normal specimens were cancer free and did not
have obvious BPH, inflammation or calcification. Note
that tissue samples containing �50% cancer were ex-
cluded in this study.

Statistical analysis
The averaged magnitudes of complex Young’s

moduli of cancer and normal tissue are expressed as
mean � standard deviation in kPa, which gives an elastic
contrast between the two types of tissues. Two-sample
t-test was used to assess the differences between the
mechanical properties of normal and cancerous tissues in
the same prostate. Statistical significance (p � 0.01) was
provided for the viscoelastic parameter � and the mag-
nitude of complex Young’s modulus |E*|.

Crawling wave estimation
Crawling wave sonoelastography, an ultrasound-

based approach conducted in our laboratory, was utilized
to characterize the mechanical properties of human pros-
tate as well. In this experiment, crawling waves (or
slowly moving shear wave interference patterns) were
generated using a pair of mechanical sources (vibrating
at slightly offset frequencies, e.g., 150 and 150.15 Hz)
positioned on opposing sides of the gelatin embedded
prostate gland (Wu et al. 2004). Imaging was performed
using a GE Logiq 9 ultrasound scanner (GE Ultrasound,
Wauwatosa, WI, USA) modified for sonoelastography,
with raw data saved for processing. Shear velocity sono-
elastograms were produced off-line from the recon-
structed crawling wave images using a 2-D autocorrela-
tion-based estimation technique (Hoyt et al. 2007). The
Young’s modulus can be obtained from the estimated
shear wave velocity.

RESULTS

Figure 4a shows stress relaxation curves of cancer-
ous and normal specimens obtained from the same pros-
tate at 5% strain. Each curve fitting had a correlation
coefficient (r2) value larger than 0.98, demonstrating that
the stress relaxation curves were fit very well to the
KVFD model. The frequency-dependent Young’s mod-
uli of the cancerous and normal tissues were then calcu-

lated from the model, and the results are illustrated in



1038 Ultrasound in Medicine and Biology Volume 34, Number 7, 2008
Fig. 4b. In this case, the magnitudes of complex Young’s
moduli are 62.9 kPa and 19.2 kPa at 150 Hz. The elastic
contrast is about 3.3:1 at 150 Hz.

Table 1 summarizes the best-fit parameters and r2

values for all of the examined samples. The complex
Young’s modulus in the frequency-domain was deter-
mined with those model parameters. However, E0 was
not included in the table because curve fitting results

Fig. 4. (a) Stress relaxation curves of a cancerous specimen and
a normal specimen obtained from the same prostate at 5%
strain. (b) The Young’s moduli of the two types of prostate
tissues are plotted against frequency, showing a positive rela-
tion between tissue stiffness and cancer percentage. It is noted
that the frequency-dependent modulus curves are averaged

from three repetitive tests. The errors were �5%.

Table 1. Best-fit parameters an

Prostate tissue No. of samples � (kPa s �)

Normal 8 3.61 � 1.25

Cancer �50% 9 8.65 � 3.40
gave the examined soft tissues values of E0 approaching
zero. To extract the relaxed spring parameter E0, we note
that in eqn (8), ���� � E0�0, meaning when equilibrium
is reached, E0 is the value of stress � divided by the
applied strain, �0. As we know, the stress of a perfectly
elastic material would be constant with time, whereas 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, indi-
cating the tested soft tissues are viscoelastic materials
with long time-constant fluidlike behavior. To further
confirm this phenomenon, several long span tests were
performed on human prostate tissues. The testing method
and conditions were the same as those described in
Materials and Methods, except the relaxation time was
much longer (�2,000 s). Although we could not record
the stress relaxation curves longer to reach the plateau
because of the limit of the mechanical testing system, we
did observe a trend that the stress levels approached zero,
except one sample containing 100% cancer, which
showed E0 � 746 Pa, a small, non-negligible value. This
finding indicates that the parameter E0 in the KVFD
model had a relatively small value and did not contribute
significantly to the overall elasticity in our tests. How-
ever, for other soft tissues, E0 may not always be negli-
gible.

The viscoelastic stress relaxation behaviors of the
examined prostate tissues were well characterized by the
KVFD model, with r2 larger than 0.97. The magnitudes
of complex Young’s moduli of prostate tissues are aver-
aged and plotted as a function of frequency in Fig. 5. The
frequency ranges from 25 to 300 Hz as the vibration
frequency of sonoelastography is generally set in this
range. The error bars represent the standard deviation of
the experimental data. The variation of multiple mea-
surements for each sample was �10%. Although the
frequency dependence of the Young’s moduli was not
measured directly in this study, the KVFD model pre-
dicts that prostate tissues have the Young’s moduli that
slightly increase with frequency in the range for sono-
elastography imaging (Fig. 5).

The average magnitudes of the complex Young’s
moduli of cancerous and normal tissues are 40.4 � 15.7
kPa and 15.9 � 5.9 kPa at 150 Hz, respectively, giving
an elastic contrast of (2.6 � 0.9):1. Using eqns (12) and

lues for all examined samples

� r2 |E*|@150Hz (kPa)

0.2154 � 0.0417 0.9740 15.9 � 5.9
d r2 va
0.2247 � 0.0304 0.9921 40.4 � 15.7
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(13), the storage modulus was calculated as greater than
the loss modulus by a factor of 2.8 � 0.3 for the normal
tissue and a factor of 2.7 � 0.3 for the cancer in the
tested frequency range. This means that the elasticity-to-
viscosity ratios of the normal prostate tissue and the
cancerous tissue are 2.8 � 0.3:1 and 2.7 � 0.3:1, respec-
tively. For both normal (n � 8) and cancerous (n � 9)
prostate specimens, there are noticeable inter-patient
variabilities in the mechanical properties. Nine two-sam-
ple t-tests (one normal/cancer pair per prostate except
one prostate that had two paired samples) indicated there
were significant differences between mechanical proper-
ties of the cancer and normal tissue in the same gland: �
(p � 0.01) and |E*| (p � 0.01).

Pathologists noted that it was difficult to distinguish
cancer from noncancer by direct eye observation of the
cores. As mentioned earlier, pathologic specimens con-
taining 50% or more cancer were under investigation.
The histologic findings indicate that the prostate cancer
is entirely made up of malignant prostate glands or
epithelial tissue (ET). A core specimen with 70% cancer
means that there are 70% malignant prostate glands or
ET and 30% stroma. Figure 6 shows the histology of a
normal core sample and core samples containing 70%
and 100% cancer. In Fig. 7, there is a noticeable clus-
tering of the cancerous prostate data disjoint from the
normal stiffness values.

Figure 8 shows that crawling waves propagate
through an in-vitro prostate containing a malignant tu-
mor. The stiffness values were 65.6 and 19.8 kPa for the
cancer and normal tissue, respectively. Hence, the elastic
contrast was about 3.3:1. This data are in good agree-

Fig. 5. Plot of averaged magnitudes of complex Young’s mod-
uli of normal (blue dotted curve) and cancerous (red solid
curve) prostate tissues as a function of frequency. Standard

deviations were also provided.
ment with our mechanical testing results.
DISCUSSION

Previous studies have revealed that most biological
soft tissues exhibit viscous behavior in addition to their
better-known elastic properties. The KVFD model is a
three-parameter spring and dashpot model that uses frac-
tional calculus to characterize soft tissue viscoelasticity.
The KV model is actually a particular form of the KVFD
model. In other words, we can get the KV model by
setting parameter � to be 1 in the KVFD model. In this
paper, we presented the utility of the KVFD model for
modeling the stress relaxation responses of normal and
cancerous prostate tissues. The prostate stress relaxation
data were also fit to the KV model for comparison. The
r2 values were �0.4.

The fractional derivative dashpot in the KVFD
model consists of not only the viscous component but
also the elastic component, with the modulus having both
real and imaginary components. Even when E0 is very
small, 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 2.7 or more. The value of � is noticeably related
to the viscosity of the material because the loss modulus
increases in accord with �. The same tendency was
found in the slope of the Young’s modulus vs. frequency
curve, which increases with rising �.

To reduce the variability of measurements on each
sample, it is essential to section the upper and lower
surfaces of the cylindrical sample as parallel and as flat
as possible for compression tests. However, this require-
ment 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, and the results were
averaged. Our results indicated that the variability be-
cause of imperfect shape of the sample was relatively
small, as we expected.

During mechanical testing, we did not observe any
loss of contact between the tested sample and the com-
pressor that would result in a loss of surface tension and
produce a discontinuity in the data, which was not
present. In fact, the stress levels only approached zero
smoothly and asymptotically, in a way that fit well with
the KVFD model with a small value of E0. Moreover, the
applied force of the upper platen was greater than 0.02 N,
whereas the force of gravity on the samples was in the
range of 0.003 to 0.004 N, which is much smaller. If the
gravitational loading is considered, the resulting differ-
ence of the complex Young’s modulus is �5%. There-
fore, we believe that the gravitational loading of each
core sample is negligible.

The histologic findings reveal that overall the can-

cerous samples exhibit increased stiffness compared with
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tissues.
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the normal tissue. The two types of tissues can be sepa-
rated easily by a black line in Fig. 7. The wide stiffness
range relative to the cancer percentage may be related to
the following factors: (i) noticeable interpatient variabil-
ities were found in prostate tissue stiffness; (ii) the his-
tologic results were obtained from the analysis of two or
three cross-section slices from each core sample, rather
than the whole tissue core; and (iii) the imperfect shape
of the core samples may be a contributing factor al-
though its effect was minor.

Several elasticity imaging modalities have also been
advanced to quantify tissue mechanical properties. Kem-
per et al. (2004) investigated the stiffness of healthy
human prostates with an in-vivo magnetic resonance
elastography (MRE). Their 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. Our results on normal
prostate tissue characterization are comparable with the

core samples containing (b) 70% cancer and (c) 100%
Fig. 6. Histology photographs of (a) a normal core sample and
Fig. 7. Tissue stiffness (the Young’s modulus) vs. cancer per-
centage in the examined core samples. The black line separates
the stiffness values of cancerous tissues and those of the normal
data reported by Kemper et al. (2004). Good agreement
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was also found between the mechanical testing results
and the measurements obtained from crawling-wave
sonoelastography. The detailed comparison of these two
methods for tissue characterization can be found in an
earlier paper (Zhang et al. 2007). In contrast, Krouskop
et al. (1998) reported benign prostatic hyperplasia (BPH)
had significantly lower values (36–41 kPa) than normal
tissue; the normal anterior and posterior tissue had elastic
modulus values of 55–71 kPa under 2% or 4% precom-
pression, whereas cancer had values of 96–241 kPa.
Furthermore, Phipps et al. (2005b) reported a wide range,
from 40–140 kPa, of the elastic component of normal
prostate tissue. The divergence is mainly caused by the
different choices of testing techniques; testing conditions
such as compression frequencies, temperature and hu-
midity; sample variation; tissue models; and other exper-
imental factors. In particular, the assumption of a partic-

Fig. 8. Experimental sonoelastographic imaging results d
wave sonoelastogram with measurable interference patt
togram and (d) histology photograph in which the blue
sonoelastogram is calculated from the crawling-wave son

uni
ular tissue model, for example, purely elastic vs. vis-
coelastic, can greatly influence the estimates of tissue
properties.

CONCLUSIONS

This study systematically investigated viscoelastic
properties of normal and cancerous human prostate tis-
sues. The stress relaxation testing and the KVFD mod-
eling approaches provide the frequency-dependent stor-
age and loss moduli, from which both elastic and viscous
behavior can be extracted. For in-vitro conditions, the
elastic contrast between cancer and normal appears to be
2.6:1 at 150 Hz, although the in-vivo contrast could be
higher as a result of the additional effects of elevated
interstitial pressure (Weaver et al. 2007).

In summary, this paper achieves two important ac-
complishments. First, mechanical stress relaxation with

ng matched (a) B-mode ultrasound image, (b) crawling-
own as blue and red fringes, (c) quantitative sonoelas-
delineates where the cancer is located. The quantitative
ogram and depicts local Young’s moduli distributions in
Pa.
epicti
erns sh
circle
oelast
results fit to the KVFD model successfully characterized
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viscoelastic properties of prostate tissues in vitro, offer-
ing a simple but effective approach to quantify soft tissue
properties. The frequency-dependent nature of the
Young’s modulus may provide useful information, such
as tissue viscosity, to advance tissue characterization.
Second, the results quantify the elastic contrast between
cancerous and normal prostate tissues, and this contrib-
utes to the limited information in the literature on the
viscoelastic properties of human prostate.
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