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Abstract

This paper reports shear stiffness and viscosity “virtual biopsy” measurements of three excised
non-cancerous human prostates using shearwave dispersion ultrasound vibrometry (SDUV) in
vitro. Improved methods for prostate guided-biopsy are required to effectively guide needle biopsy
to the suspected site. In addition, tissue stiffness measurement helps identifying a suspected site to
perform biopsy because stiffness has been shown to correlate with pathology. More importantly,
early detection of prostate cancer may guide minimally-invasive therapy and eliminate insidious
procedures. In this work, “virtual” biopsies were taken in multiple locations in three excised
prostates. Then, SDUV shear elasticity and viscosity measurements have been performed at the
selected “suspicious” locations within the prostates. SDUV measurements of prostate elasticity
and viscosity are generally in agreement with preliminary values reported previously in the
literature. It is however important to emphasize that the obtained viscoelastic parameters values
are local, and not a mean value for the whole prostate.

[. Introduction

Prostate cancer is recognized as one of the most prevalent malignant diseases and is the most
commonly diagnosed cancer among men in the U.S. In 2008, an estimated 186 320 men will
be diagnosed with prostate cancer and 28 660 men will die of this disease [1]. Quantitative
screening for prostate cancer at the early stage will reduce the mortality number, and allows
efficient therapies such as brachytherapy or cryosurgery to be undertaken. The gold standard
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is the sextant biopsy technique which is best to diagnose prostate cancer [2, 3]. In most
instances, biopsy samples are correlated with the Gleason score [4] in the staging of prostate
cancer. However, some data suggested an underestimation in 43.8% of cases and an
overestimation in 17% of cases for prostatectomy. Initially, a Digital Rectal Exam (DRE) is
used to palpate the prostate before any biopsy is taken. An overview of studies of screening
suggests that DRE alone detects less than 60% of prevalent prostate cancers [5], while a
meta-analysis of DRE as screening test reveals overall sensitivity, specificity, and positive
predictive value at 53.2%, 83.6%, and 17.8%, respectively [6]. Sensitivity and specificity of
PSA screening alone is also questionable. Specificity has been estimated at around 90% on
the first screening round but declines with increasing age and the presence of benign
prostatic hypertrophy (BPH) [7]. Despite evident drawbacks of both methods, the
combination of DRE and PSA do appear to improve the screening; in a large study of
volunteers, 26% more cancers were detected than PSA alone [8]. On the other hand, some
data have shown that the combinations of DRE along with the interpretation of prostate
biopsy are not accurate clinical tools for defining the location and extent of prostatic
carcinoma [9].

In practice, real-time monitoring of prostate imaging and needle biopsy guiding with
conventional transrectal ultrasound (TRUS) as well as Power Doppler transrectal ultrasound
imaging had been successful to improve prostate cancer detection rate [10, 11]. However,
significant number of cancers were still missed on initial biopsy [12]. It is therefore of some
importance to work out novel tissue characterization tools and technologies to help guiding
needle biopsy in the prostate.

The difference in the elasticity of tumors and normal (healthy) tissues [13-17] has provided
the impetus to develop elasticity imaging techniques [18-32] based on the quantitative
measurement of their viscoelastic parameters. However, at present, there is no gold standard
for stiffness and viscosity measurements in soft biological tissues. Although Magnetic
Resonance Elastography (MRE) has shown significant capabilities in prostate cancer
detection [18, 33], this technology is expensive, thus less likely to see wide clinical
applications and may not be widely available for general screening. On the other hand,
ultrasound-based elastography methods for the prostate include a variety of approaches [19-
26, 34, 35], and due to both efficiency in delineating prostate boundaries and low cost,
developments of new ultrasonic techniques are still very active. Although these tools are
valuable in detecting abnormal prostate lesions in clinical practice, they are however
inadequate when abnormalities are not confined to a local region and there is no normal
background tissue to provide contrast. In addition, estimation of elastic parameters largely
depends on the boundary conditions. Such circumstances require quantitative methods,
where tissue elasticity is inversely solved in unit of Pascal. Considerable efforts have been
therefore directed to developing quantitative methods in recent years. Several groups have
proposed the use of shear wave propagation speed for quantifying tissue stiffness [36-41].
However, tissue viscosity is neglected in these methods, and this omission can cause bias in
the estimation of tissue elasticity because recent studies suggest that viscosity is another
useful index of tissue health [42, 43]. Supersonic shear imaging has some potential to solve
quantitatively both tissue elasticity and viscosity [44]. However, this technique requires
super fast imaging, which is not compatible with current commercial ultrasound scanners.
Therefore, a quantitative method that mimics DRE, but with enhanced sensitivity, specificity
and reduction of the sampling error, might consequently lead to a better biopsy sampling and
staging prostate diseases.

A newly emerging technology called Shearwave Dispersion Ultrasound Vibrometry
(SDUV) [45], that quantifies both elasticity and viscosity by evaluating dispersion of shear
wave propagation speed, has been successfully used to characterize in vitro bovine and
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porcine striated muscle and in vivo swine liver tissue [45], and may potentially improve
evaluation of prostate mechanical parameters and guide needle biopsy to the appropriate
suspected site. The purpose of this study is therefore directed toward evaluating the
feasibility of using conventional ultrasound imaging to locate a suitable site for SDUV
measurements of elasticity and viscosity in the prostate.

II. METHODS
A. Principle of SDUV

In SDUV [45], an external localized ultrasound force is applied to generate harmonic shear
waves that propagate outward from the vibration center. For a complete description of the
method, the reader is referred to [45, 46].

For a homogenous material described by the Voigt model the shear wave speed ¢y depends
on its angular frequency wg [47, 48] such that

cslws)= \/ 2(13+w¥id) fp (m + \//ﬁm?u%), o

where p, u1 and uy are the density, shear elasticity and shear viscosity of the medium,
respectively. The external localized force is generated by a “Push” beam (Fig. 1) that
transmits repeated tone bursts of ultrasound. Typically, a push sequence consists of 10 tone
bursts that exert a force of constant amplitude every 10 ms.

A shear wave propagating outwards from the vibration center can be monitored by a
“Detect” beam operating in pulse-echo mode at two locations along the propagation path.
The propagation speed of a shear wave is estimated by tracking its phase change over the
distance it has propagated. The phase velocity of the shear wave is characterized at a number
of selected frequencies to assess the dispersion of its wave velocity.

The shear wave speed is calculated using the formula [45]:
cs(ws)=wsAr[Aps, (2)
where Aps = ¢1 — @2 is the phase change over the traveled distance Ar, ¢1 and ¢, are the

phases at the “Detect” points “1” and “2”, respectively. The variation of cg versus frequency
is then fit by (1) to inversely solve for elasticity and viscosity.

B. Experiments

Three freshly excised human prostates from cadavers were placed in a saline water solution
for 0.5 hour while transported and then embedded in separate gel phantoms. The water-
based gelatin was made using 300 Bloom gelatin and glycerol (Sigma-Aldrich, St. Louis,
MO) using a concentration of 10% by volume for both components. Potassium sorbate
(Sigma-Aldrich, St. Louis, MO) was added as a preservative at 10 g/L. Each gel block was
placed in a water tank and scanned by conventional B-mode ultrasound at 4 MHz with a
Vivid 7 GE commercial ultrasound machine. For each prostate, five regions were selected
within the B-scan image (colored circles in Fig. 2-(b)) in which propagation of shear waves
was detected at 3 different positions (shown as white dots within each region) corresponding
to 3 measurements, ~1 mm apart, at 50 Hz and its higher harmonics (100 to 400 Hz). The
phase of shear waves at frequencies 50-400 Hz was estimated from these vibration-time
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records after computing a Fast Fourier Transform (FFT) on the time-domain displacement
signal.

For the SDUV measurements on the excised prostates, two separate transducers were used
in the experiments. The pulse sequence was decomposed into two groups: the push pulses
and the detect pulses. The push pulses drove a “Push” transducer to generate the push beams
at a fixed point within the prostatic region, while the detect pulses drove a separate “Detect”
transducer (positioned beside the push transducer) to generate the detect beams. The
“Detect” transducer is mechanically translated perpendicularly to the beam axis to track the
shear wave at multiple points within each region. Although two separate transducers were
used in the experimental setup, the envisioned (prospective) operation of SDUV for
measuring elasticity and viscosity of the prostate in a clinical setting is as follows: initially
an image the prostate will be taken using B-mode TRUS to locate a site for SDUV
measurements. Then, a location of interest will be selected within the B-mode ultrasound
image and the ultrasound “Push” transducer temporarily switches to SDUV mode (using the
same probe) to measure prostate elasticity and viscosity at the specified location (Fig. 1). All
the procedures used on the excised prostates were approved by the Mayo Clinic Institutional
Review Board (protocol ID 06-003629).

After locating suitable regions (far from the intraprostatic calcifications shown on the X-ray
image (Fig. 2-(a))) simulating suspected sites for needle biopsy, and denoted by circles in
the B-mode ultrasound image, SDUV measurements were then performed. A diagram of the
experimental setup is shown in Figure 3. The transducer used for generating the shear wave
was a 3 MHz spherically focused transducer with a focal length of 10 cm and diameter of 45
mm that was assembled in-house. The transducer used for detection was a 5 MHz
spherically focused transducer with focal length of 5 cm and diameter of 12.5 mm (i3-0508-
R-SU, Olympus NDT, Waltham, MA). The push transducer was driven with a 3 MHz tone-
burst of length 0.3 ms (HP33120A, Agilent, Santa Clara, CA) and the signal was amplified
by a custom-made power amplifier with a gain of 40 dB. This tone-burst was repeated at a
pulse repetition frequency (PRFp) equal to 50 Hz where the subscript “p” refers to the push.
The detect transducer was driven with a pulser/receiver (5072PR, Olympus NDT, Waltham,
MA\). The output signal was filtered and amplified using a logarithmic amplifier. The pulse-
echo operation was repeated at a pulse repetition frequency (PRF4 where the subscript “d”
refers to the detection) equal to 1.6 kHz for prostates 1 and 2 and 2.0 kHz for prostate 3, and
echoes were recorded at 100 MHz sampling rate. The duration for a single measurement was
200 ms.

The push and detection transducers were co-focused before the experiment using a small
steel sphere on a membrane. After this co-focus was established, the phantom was moved in
between the transducers and measurements were made. The push transducer remained in a
fixed position and the detection transducer was moved in 0.5 mm increments for 5 mm to
vary the value of Ar used in (2).

Motion detection was performed using cross-spectral analysis [49] and the phase at 50-400
Hz was evaluated in 50 Hz increments using the aforementioned FFT-based method. The
phase versus distance was assessed and data with linear phase was used to calculate the
shear wave speed. The dispersive shear wave speed was then fit to (1) to estimate the
viscoelastic material properties.

lll. RESULTS AND DISCUSSION

Figure 2 shows an X-ray fluoroscopic image (a) and conventional B-mode ultrasound image
(b) of one of the prostates embedded in a gel phantom. In (&), clusters of calcifications
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appear as bright spots. The urethra is also shown as a black dot at the center of the image. In
the B-mode ultrasound image at 4 MHz (i.e. (b)), 5 regions far from the calcifications and
denoted by colored circles were selected for appropriate SDUV measurements. Detection
points are shown as white dots in (b).

Figure 4-(a) shows the displacement induced by the “Push” beam as measured by the
“Detect” beam for one measurement. The “Push” beam stimulated the propagation of shear
waves that were detected at three different locations (white dots in Fig. 2-(b)), 1 mm apart,
within the prostate. The phase of shear waves at frequencies 50-400 Hz was estimated from
these vibration-time records by the Kalman filter and shown in Figure 4-(b), which
demonstrates that the shear wave phase changes linearly (as assumed with Eq.(2)) with
propagation distance for all frequencies studied. The shear wave speed, shown as circles in
Fig. 4-(c), is calculated using the phase information in Fig. 4-(b). The solid line is the fit by
Eq.(1) to the measured shear wave speeds which gives 11 = 1.80 kPa and u = 1.09 Pa's. The
means and standard deviations of prostate shear wave speeds obtained from 5 consecutive
SDUV measurements are shown in Fig. 4-(d) that shows good repeatability of wave speeds
and close values to those in Fig. 4-(c).

Additional multiple SDUV “virtual biopsies” measurements have been performed within
each prostate over 5 different regions. In each region, separate measurements were
performed at 3 different positions (ranging from 1 to 5 mm deep through the tissue). As
expected, the results showed different values for stiffness and viscosity. The measurements
were made 4-5 times to evaluate the precision of the measurements, and the mean and
standard deviations of the measurements are summarized in Table 1.

The mean values of x4 and uy for the three prostates ranged from 1.31-12.81 kPa and 1.10-
6.82 Pas, respectively. The range of these values may have their origins in heterogeneity of
the tissue. For most measurements, the precision was very good.

There exist previous literature reports on measuring the prostate elasticity using MRE for 7
healthy human volunteers in vivo [50] and in a canine model. The mean shear elasticity
values obtained with MRE on human prostates [50] in the central and peripheral prostatic
portion were uq = 2.2 + 0.3 kPa and iy = 3.3 + 0.5 kPa, respectively. In MRE, measurement
of the elastic modulus was done at a fixed excitation (low) frequency, i.e. 65 Hz. At this
(low) frequency, the effects of viscosity may generally be ignored as shown by Eq.(1). Thus
the shear wave speed in this limit is given from Eq.(1) as

cs(ws — 0) = VHI/P- 3)

Assuming that the density for tissue approximates water (p ~ 1000 kg/m3), the value of the
mean shear wave speed ranges from ~1.48 m/s to 1.82 m/s, values that are in the range of
the SDUV measurements. On the other hand, the study on the canine model [33] reports
mean shear stiffness values ranging from uq =5.3 £ 1.4 to 1 = 6.3 £ 1.7. The overall SDUV
results showed higher shear stiffness values from the in vivo MRE results [50] but closer
values to the in vivo study on the canine model [33]. The higher values for the stiffness may
be attributed to the fact that the prostate glands were excised and had no blood perfusion. In
addition, the choice of the fitting model is of particular importance since it determines the
estimation process of shear stiffness and viscosity. However, at the present time, it is not yet
established which model is the most appropriate to describe the response of soft tissues,
especially the prostate. In these results, the excellent fits between (1) and the shear wave
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speed dispersion measured in the prostates suggest that the VVoigt dispersion model is
sufficient, at least for the frequency range used here.

In the experiments two separate transducers were used (Fig. 3). However, the use of a single
linear transrectal array transducer (as shown in Fig. 1) will be more useful and especially
relevant for a clinical setting. At the present time, we have no access to control the operation
of a commercial array transducer, but this will be the subject of future investigations.

An advantage of this method is that SDUV virtual biopsies are fast (less than 0.1 s) and
multiple virtual biopsies could be done to aid in actual biopsy placement. Moreover, the
proposed method is economical (this is a modification of current ultrasound scanners and
therefore will be relatively easy to implement) and compatible with existing commercial
ultrasound scanners. Hence, it may potentially operate in clinical ultrasound examinations.
For the discussion of other advantages and limitations of SDUV, the reader is kindly
referred to [45].

V. Conclusion

This study showed the feasibility of using B-mode ultrasound imaging to locate a specific
region within excised human prostates in vitro and perform SDUV *“virtual biopsy”
measurements of prostate elasticity and viscosity. Results from this preliminary study are
generally in agreement with initial values reported previously in the literature. It is important
to emphasize that SDUV measurements are local, and not an average value of elasticity for
the whole prostate as in MRE. Future work will be directed toward in vivo measurements in
a clinical setting using TRUS and suitable modification of the system to perform *“virtual
biopsy” measurements in a clinical setting.
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Fig. 1.

A graphic describing the principle of transrectal-SDUV for the measurement of prostate
viscoelastic parameters. A harmonic shear wave is produced by a “Push” ultrasound beam,
and its propagation is monitored by a separate “Detect” ultrasound beam at two positions
using the same probe. The shear wave speed is calculated from its phase ¢1 and ¢, measured
at 2 locations (separated by a distance Ar) along its traveling path.
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(b)-B-mode US

Fig. 2.

Prostate imaging with two modalities: (a) corresponds to an X-ray fluoroscopic image in
which clusters of calcifications appear as bright spots. The urethra is also shown as a black
dot at the center of the image. (b) corresponds to a conventional B-mode ultrasound image
in which 5 regions were selected and shown as colored circles. SDUV excitation points are
shown as white dots on the figure. The image size is (HXW~) 4.5x5 cm?.
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Fig. 3.

Experimental setup for SDUV measurements. The excised prostate was embedded in a
gelatin phantom. The push and detect transducers were co-focused before the experiment.
The push transducer creates a propagating shear wave and the detect transducer measures
the motion at several locations.
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Example of an SDUV stiffness and viscosity measurement of an excised human prostate
within one single region. (a) & (b): amplitude of displacement and phase of vibration
records detected at 3 different locations, 1 mm apart. (c): shear wave speed vs. frequency.
The stiffness and viscosity were uq = 1.80 kPa and up = 1.09 Pa.s, respectively (d): Shear
wave speeds calculated from 5 acquisitions to check the repeatability of (c). The mean
stiffness and viscosity were 1 = 1.78 kPa and up = 1.11 Pa.s, respectively.
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