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Abstract— This article describes a novel quasi-real time
system for quantitative and volumetric measurement of
tissue elasticity in the prostate. Tissue elasticity is com-
puted by using a local frequency estimator to measure
the three dimensional local wavelengths of a steady-state
shear wave within the prostate gland. The shear wave
is created using a mechanical voice coil shaker which
transmits multi-frequency vibrations transperineally. Radio
frequency data is streamed directly from a BK Medical
8848 trans-rectal ultrasound transducer to an external com-
puter where tissue displacement due to the excitation is
measured using a speckle tracking algorithm. Bandpass
sampling is used that eliminates the need for an ultra fast
frame rate to track the tissue motion and allows for accurate
reconstruction at a sampling frequency that is below the
Nyquist rate. A roll motor with computer control is used to
rotate the sagittal array of the transducer and obtain the
3D data. Two CIRS phantoms were used to validate both
the accuracy of the elasticity measurement as well as the
functional feasibility of using the system for in vivo prostate
imaging. The system has been used in two separate clinical
studies as a method for cancer identification. The results,
presented here, show numerical and visual correlations
between our stiffness measurements and cancer likelihood
as determined from pathology results. Initial published re-
sults using this system include an area under the receiver
operating characteristic curve of 0.82±0.01 with regards to
prostate cancer identification in the peripheral zone.
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I. INTRODUCTION

IN the field of medical imaging, elastography has been
introduced as a modality that can be used to measure and

display the mechanical properties of tissue [1]. The additional
information provided by elastography to conventional imaging
can be used to help diagnose and guide treatment of a number
of different medical conditions that include hypertension and
fibrosis in organs [2]–[4], fetal development in placenta [5],
as well as various cancers [6]–[9].

Several different methods have been proposed in the field
of ultrasound elastography [10] and the trend has been to
migrate from relative, quasi-static techniques [11], [12] to
absolute, quantitative techniques [13]–[19] which reduce user
dependence and increase repeatability [18]. Most of these
systems accurately measure the transient speed of a shear wave
generated using an acoustic radiation force– where this force
is generated by the transducer sending a high power focused
beam to the tissue. The speed of this wave is proportional
to the tissue elasticity. The main drawback of these methods
however is that there is a limit imposed on the amplitude
of the acoustic impulse which restricts the maximum signal
to noise ratio that can be achieved. This limitation arises
from the fact that acoustic impulses can lead to tissue heating
which can harm the patient [20]. As a result, strict FDA
guidelines control the amplitude and duration of pulses that
can be used. The issue is especially restrictive if continuous
or repeated imaging is required, for instance, as needed in
real-time guided interventions. Deep tissue excitation and full
volume acquisitions are also not always possible with such an
approach.

To overcome these limitations, our group has previously
developed a new kind of quantitative elasticity measurement
technique called Shear Wave Absolute Vibro-Elastography (S-
WAVE). The technique uses multi-frequency, steady-state ex-
ternal excitation, and measurement of the shear wave displace-
ment field over a volume [21], [22]. The elasticity modulus is
computed either by solving an inverse FEM [23] problem or by
measuring the wavelength of a three-dimensional steady-state
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shear wave field [24]. The benefit of multi-frequency elastog-
raphy has been demonstrated in MR elastography [25] for non-
real time applications as well as in shear wave speed meth-
ods [26]. Different hardware and different imaging settings
have been used for specific organ imaging, including in vivo
liver [27] imaging, ex vivo placenta [28] imaging, and breast
elastography [29]. In this article we propose and characterize
a prostate S-WAVE system that can perform quasi-real time &
3D volumetric imaging and can produce images at the depth of
conventional ultrasound without causing tissue heating. Initial
findings with this setup have previously been summarized in
Lobo et al. [30] and are expanded here with further system
characterization and details. The system described here is
the first quasi-real time prostate 3D quantitative elastography
system, with the following contributions:
1) The use of a bandpass sampling technique [31] to allow
tracking of high frequency tissue motion with an ultrasound
frame rate that is well below the Nyquist rate. This removes
the need for either a programmable transducer crystal firing se-
quence to increase the frame rate [32] or an expensive parallel
receive ultrasound system. This also enables Radio frequency
(RF) data from the ultrasound machine to be streamed to an
external PC through a frame grabber card, with the machine
operating in conventional B-mode.
2) Motorized volumetric acquisition with a commonly used 2D
transducer without changing the volume boundary conditions;
the only 3D transducer currently available for prostate imaging
is an end-firing wobbler that substantially deforms the prostate
making it difficult to correlate histology results with imaging.
3) Non-invasive transperineal excitation to induce shear waves
to the prostate that have been reported to produce repeatable
and consistent results with magnetic resonance elastogra-
phy [33].
4) Validation in tissue-mimicking phantoms, over a range of
frequencies.
5) A comparison of elasticity measurements with whole-
gland sampling biopsies acquired during a focal brachyther-
apy clinical study. This complements an earlier study that
compared histology results from excised prostates following
prostatectomy procedures with S-WAVE images and reported
in conference proceedings [34]. The results from these studies
will be summarized in Section IV.
The contributions of this article can be used in any generic
system developed for quasi-real time 3D absolute elastography,
which can be stand alone and independent of the ultrasound
machine or probe.

The following sections of the article are organized as fol-
lows: Section II covers the hardware setup for the overall sys-
tem and the signal processing pipeline for S-WAVE. Section III
and IV covers the details and results from phantom validation
and in vivo patient data from the two different clinical studies.
Lastly, Section V discusses the results, limitations, future
improvements and concludes the article.

II. METHODS

A. Hardware Setup For Prostate Imaging
This section describes the specific implementation of S-

WAVE hardware for prostate imaging. The main hardware,
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Fig. 1. The full prostate S-WAVE system. The four main hardware
components are labelled in bold. The cart contains the PC with monitor
and the two control boxes for the roll motor and the transperineal shaker.
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Fig. 2. The TRUS robot with the BK transducer. An illustration of some
of the sagittal imaging planes is also shown.

seen in Fig. 1, consists of the ultrasound machine with a tran-
srectal ultrasound (TRUS) transducer to acquire raw RF data,
a TRUS robot to roll the transducer and obtain a 3D volume, a
transperineal shaker to provide mechanical excitation, and an
external PC for computing elastography and controlling the
shaker & the TRUS robot. Each of the system components is
described next.

1) Ultrasound Machine: A BK Pro Focus ultrasound ma-
chine (BK Medical, Herlev, Denmark) is used with the BK
8848 4-12 MHz TRUS transducer. From the ultrasound, echo
data in the form of in-phase/quadrature (IQ) modulated data
is streamed to an external PC with a DALSA Xcelera-CL
PX4 Full frame grabber card (Teledyne DALSA, Waterloo,
Canada). On the external PC side, RF lines are reconstructed
from the IQ data by reversing the modulation process.

2) TRUS Robot: A separate control system called the TRUS
robot is used to sweep the 2D transducer in order to obtain
3D RF data. The BK 8848 transducer probe is attached to a
conventional brachytherapy TRUS stand and stepper (Micro-
TouchTM and EXII Stepper (CIVCO Medical Solutions,
Kalona, USA)). This stepper uses an encoder to read the
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“roll” angle of the probe, which is useful for needle insertion
monitoring during transperineal biopsy and brachytherapy in-
tervention. We designed a specific computer-controlled “roll”
motor, with encoder, that replaces the conventional manually-
rotated stepper, without substantially modifying the hardware
and allowing our software to accurately control the angle of
the probe about its long axis. Fig. 2 shows a side view of the
TRUS robot with the motorized TRUS transducer held in the
cradle.

3) Transperineal Shaker: Multi-frequency excitation is ap-
plied transperineally using a voice coil actuator. A circular
shaped rod is connected to this shaker that makes contact with
the perineum of the patient and generates forces/displacements
in the inferior-anterior direction. The shaker can be mounted
onto the patient’s table by using a CIVCO AssistTM flexible
arm. The flexible arm is maneuvered in order to provide good
contact with the perineum; once that is achieved, the arm is
locked into position using its handle bars. Fig. 1 displays the
shaker together with the CIVCO arm and the circular rod.
An Agilent U2761A function generator (Agilent Technologies,
Santa Clara, USA), controlled by the external PC, is used to
output the desired excitation frequencies. The excitation signal,
s(t), is the sum of multiple sinusoids:

s(t) =

N∑
n=1

an sin (ωnt) (1)

where N is the number of frequency components each
having amplitude an and frequency ωn. The higher the ωn, the
higher the attenuation of the signal with depth. To compensate
for this, higher an is set for higher ωn.

B. Signal Processing Pipeline for S-WAVE

1) Bandpass Sampling: There are two viable methods of
sampling tissue motion at high frequencies– one that uses
Doppler/Angiography-like sequences to acquire tissue motion
in small sectors [32] and one that uses bandpass sampling [31].
The bandpass sampling method does not require users to pro-
gram the ultrasound machine sequencer and therefore works
with any generic ultrasound machine that can dump RF lines
to an external link– even when the machine is in clinical
mode. The native frame rate of focused B-mode acquisition,
due to speed-of-sound limitations, is of the order of 20-60 Hz
for typically sized images. At this low frame rate, it is not
possible to sample tissue with higher frequency tissue motion,
at 70 Hz and above, as required to produce small enough
shear wavelengths to fit within the region of interest and give
good resolution of prostate elastography images. Bandpass
sampling allows reconstruction of phasors of motion with
frequency higher than the Nyquist frequency. This is possible
as the excitation frequency and the sampling frequency (fs) are
known. Due to having a low fs, the reconstructed phasor will
be aliased and appear with a lower frequency. If fs satisfies (2),
the reconstructed signal will resemble the original spectrum in
the measurable baseband.

2fc +B

m+ 1
≤ fs ≤

2fc −B
m

(2)

where, fc is the center frequency of the signal, B is the
bandwidth, and m is the integer number of spectral half-shifts
(fs/2) needed to map the original spectrum in the baseband.
For multiple excitation frequencies, B of 10 Hz around every
frequency component is a good choice to avoid overlap in the
baseband.

2) Image Acquisition: The volume acquisition consists of a
programmed scan of the TRUS covering a rotation from -49◦

to 50◦ with 1◦ increments, acquiring 100 discrete imaging
planes each with M = 20 sagittal frames of RF data. The full
100-plane volume sweep takes ∼90 seconds to complete. The
imaging depth and width for each plane are set to 55.2 mm and
60 mm, respectively, which are the preset values for prostate
imaging. Each RF frame contains 214 scan lines that are
sampled at 50 MHz. The RF frames are captured using the
maximum achievable sampling rate at this depth and width,
which is fs = 42.66 frames per second for this ultrasound
machine. Following Bandpass sampling method, shear wave
excitation frequencies are therefore selected so that they are
not multiples of fs = 42.66 Hz or fs/2 = 21.33 Hz and such
that they do not overlap in the baseband (0 - fs/2 = 21.33 Hz).

3) Tissue Motion Estimation: A speckle tracking algo-
rithm [35] is used to estimate relative tissue displacement
as a function of time. In this algorithm, scan lines are first
divided into multiple overlapping windows with a window
size of 1 mm and spatial overlap of 84%. Next, 1D axial dis-
placements are calculated by finding the maximum normalized
cross-correlation (NCC) between these time-series windows
using cosine-fitting for sub-sample displacement resolution.
This generates a displacement time series image for each
imaging plane.

4) Phasor Fitting: Assuming a linear tissue response, at each
voxel, the displacement d(ti) is the sum of complex phasors
U1:N with excitation frequencies ω1:N (Equation 3).

d(ti) =

N∑
n=1

Re[

Un︷ ︸︸ ︷
Ane

jθn ejωnti ] (3)

where, An and θn are the amplitude and phase of phasor
Un. ti is known from the ultrasound’s scan sequence delay
table and ωn is the know excitation frequency.

To recover the best fit for Un, only its An and θn needs to
be calculated. By representing (3) in its trigonometric form
and taking the real part, the unknown and known parameters
of Un can be expressed in matrix form of x and A of size
(N + 1, 1) and (M,N + 1), respectively (since there are
M = 20 frames, i = 1 : M ). Similarly, d(ti) is represented
as a column vector b of size M .
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Fig. 3. S-WAVE processing pipeline showing the steps involved in calculating the absolute elasticity for patient 1 from Focal Therapy Study. Raw RF
time-series data is used to estimate tissue displacement generated from the shear waves. Phasors are found for each of the excitation frequencies
(total N frequencies) from the displacement data. 3D data is collected by rolling the transducer. Phasor planes are not in sync due to the presence
of time delay from one plane (p) acquisition to the next (p+1). This lag is then compensated and the phasor planes are scan converted to generate
3D phasors for each excitation frequency. Lastly, the average absolute elasticity volumes are generated from the 3D phasors.

d(ti) =

N∑
n=1

[

x1
n︷ ︸︸ ︷

An cos θn cosωnti︸ ︷︷ ︸
a1n(ti)

−

x2
n︷ ︸︸ ︷

An sin θn sinωnti︸ ︷︷ ︸
a2n(ti)

] (4)

bi︷︸︸︷
d(ti) =

A(i,:)︷ ︸︸ ︷
[ a11(ti) −a21(ti) a

1
2(ti) −a22(ti) ··· a1N (ti) −a2N (ti) 1 ]

× [ x1
1 x

2
1 x

1
2 x

2
2 . . x

1
N x2

N c ]T︸ ︷︷ ︸
x

(5)

where c accounts for any DC offset.
Finally, an estimate x̂ of x can be approximated for every

voxel using a least-square fit to (6) b1
...
bM

 =

 A(1, :)
...

A(M, :)

x ⇔ b = Ax (6)

x̂ = (ATA)−1AT b (7)

From x̂, the amplitude & phase and therefore the phasor
at each excitation frequency for every voxel is found which
is then used to form 2D phasor images at each plane. These
images contains a 2D projection of the steady-state shear wave
as can be seen in Fig. 3.

5) Phase Lag Compensation: As each plane is collected at
a different time (time delay as the probe rotates), the displace-
ment data must be shifted in time to represent an equivalent
simultaneous measurement. The time delays (∆Tp) of each
plane (p) with respect to the data capture start are recorded.
Following [32], the delay of each plane is compensated by
multiplying the phasor Un(p) with a complex exponential:

Usyncn (p) = Un(p)e−jωn∆Tp (8)

The set of synchronized 2D displacement phasor images can
then be scan-converted based on transducer specific parameters
to get 3D phasor volumes for each excitation frequency.

6) Elasticity Estimation: It can be shown that dynamic and
external excitation at a given temporal frequency, ωn, produces
steady-state “compression” and “shear” waves within a given
material [36]. The spatial frequencies, or wavenumbers (angu-
lar), of the compression wave, kcn , and the shear wave, ksn ,
are functions of the Lamé parameters of the material which
describe its viscoelastic properties. ksn can be approximated
using lognormal quadrature filters as Local Frequency Estima-
tors (LFE) [24], [37]. A 3rd order Butterworth bandpass filter
is applied to the 3D phasor volumes in the frequency domain
prior to applying LFE. This reduces motion artefacts and noise
in the phasors. The cutoff frequencies for this bandpass filter
are set to remove frequency components that corresponds to
elasticity measurement outside the [1, 85] kPa.
The LFE algorithm involves using directional filters followed
by a bank of frequency filters to obtain an estimate for ksn
at every voxel for each ωn from the filtered phasor volumes;
the corresponding elasticity at frequency ωn is computed as
En = 3ρ(ωn/ksn)2, with ρ = 1000kg/m3 (as soft tissues
density can be estimated to be similar to that of water). Since
the excitation frequencies are close to each other we ignore
the frequency dependence and compute the average elasticity
at a given voxel as:

E = 3ρ
1

N

N∑
n=1

( ωn
ksn

)2
(9)

Averaging out the elasticity estimated from different ωn
reduces artifacts that can arise during displacement estimation.

All of the above algorithms are implemented to run on
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a CUDA enabled GPU. This allows parallel estimation of
tissue motion and therefore makes quasi-real time elasticity
estimation possible. Each step of the signal processing pipeline
is illustrated in Fig. 3.

III. VALIDATION SETUP

A. Validation on Phantoms
Two CIRS (Computerized Imaging Reference Systems,

Norfolk, USA) elasticity phantoms were used to validate
the accuracy of the elasticity measurement as well as the
feasibility of using the full system in a clinical environment.

The measurement values were validated using the CIRS
model 049 phantom which has inclusions inside a uniform
background material. The manufacturer’s datasheet provides
elasticity values for each inclusion as well as the background.
Separately, Baghani et al. [38] have performed Magnetic Res-
onance Elasticity (MRE) measurements on the same phantom
and have published the elasticity value of its background and
lesions. The CIRS model 049 phantom does not have a simu-
lated rectum and so the measurements were made by turning
the TRUS robot system upside down and sweeping a volume
from above the phantom. But the same imaging parameters
were used for both phantom studies to make a fair comparison
to the original system. The elasticity values measured for
these inclusions (identified as “hard inclusion” and “medium
inclusion” in the remainder of this manuscript) as well as the
background were then compared to values provided by the
manufacturer as well as to the MRE measurements.

To demonstrate the feasibility of using the system for
prostate elasticity, where the TRUS system could be oriented
similarly to that of a clinical patient setting, a CIRS model
066 prostate phantom was used. This phantom, seen in Fig. 1,
is a simulated prostate that contains stiffer inclusions quoted
as being approximately 3 times stiffer than the simulated
prostate. The rectum and perineum are both also simulated
and so the entire system as described in Section II-A can be
tested. Although an exact value for this elastic modulus is not
given, based on the manufacturer, it can be estimated to be
close to real prostate tissue. Zhang et al. [16] have previously
determined normal prostate tissue to have an elastic modulus
of 15.9± 5.9 kPa so we estimate this value for the simulated
prostate tissue and 47.7 ± 17.7 kPa (3 times stiffer) for the
hard inclusions.

For the phantoms, a multi-frequency signal with 144 Hz,
165 Hz and 181 Hz components was used. With the sampling
rate, fs = 42.66, the frequencies are measured as 16.0 Hz
(|144− 3fs|), 5.4 Hz (|165− 4fs|) and 10.4 Hz (|181− 4fs|)
in the baseband and are therefore far enough apart for accurate
frequency reconstruction.

B. Patient Data Collection
This section describes the data collection procedure for two

clinical studies that were used to validate the proposed system.
1) Prostatectomy Study: In this institutionally approved

study, signed consent was obtained from ten patients with
clinically organ-confined prostate cancer undergoing robot-
assisted radical prostatectomy at Vancouver General Hospital

(Vancouver, Canada). As this was the first clinical trial with
this system, no prior information of the ideal excitation
frequency range for in vivo prostate was known. Ideally,
high frequency excitation has the benefit of more robust ks
estimation but with the drawback of poorer penetration depth.
Therefore to find the ideal excitation frequency range, before
the prostatectomy, we captured several S-WAVE volumes from
each patient with frequencies which ranged from 75 Hz to
180 Hz. To reduce the time required to collect all the data
in the operating room, we chose a frequency step of 2.5 Hz
(rounded to the nearest integer as required by our function
generator). Data was then collected at successive excitation
frequencies until shear waves were no longer visible– in-
dicating the frequency limit after which shear waves are
not reaching the prostate. Right after the prostatectomy, the
excised prostate was sent to pathology, where whole-mount
histopathology slides were obtained by evenly slicing the
gland. A pathologist at the Vancouver General Hospital then
examined slices of the excised prostate glands and outlined any
cancerous regions, assigning a Gleason score for each region.
In order to compare the elastography results to histopathology
slices, which are transverse slices, the elastography volume
must first be interpolated into a cartesian grid from the stack
of sagittal slices. A slice-to-surface, particle-filter-based regis-
tration technique [39] is then used to match transverse planes
in the elastography volume to corresponding histopathology
slices. These registered whole-mount histopathology images
can then be used as the ground truth for evaluating cancer de-
tection capability of our prostate S-WAVE system. A specific
data analysis approach to the the multiparametric nature of the
images collected with this system has been presented in [34].
In that work, the absolute, real and imaginary values of the
phasor images as well as the quantitative elasticity values were
all used to train a random forest classifier to identify cancer.

2) Focal Therapy Study: To investigate the feasibility of
focal therapy in low-dose-rate prostate brachytherapy (LDR-
PB) for early stage prostate cancer, patients were recruited
in an institutionally approved pilot study at the BC Cancer
(Vancouver, Canada). Patients underwent whole-gland tem-
plate mapping biopsies to determine the size and location of
any tumours within the gland. Based on the size of the prostate,
following a needle template (see Fig. 8), 20-50 transperineal
biopsy samples were obtained with the patient under general
anaesthetic. Just prior to the biopsy procedure, after the patient
was asleep, a S-WAVE volume was collected. Observations
from the Prostatectomy study (Section III-B.1) showed that
consistent wave penetration was possible for all frequencies
lower than 90 Hz. With the frequency range now known, as
with the phantom study, a multi-frequency signal was selected
such that components were evenly spaced in the baseband
which allows for accurate bandpass reconstruction. A multi-
frequency signal with a lower component range of 69 Hz,
75 Hz and 80 Hz (which correspond to baseband frequencies
of 16.3 Hz (|69 − 2fs|), 10.3 Hz (|75 − 2fs|) and 5.3 Hz
(|80− 2fs|), respectively) was used to provide adequate shear
wave penetration. During the biopsy procedure, each core
was deposited into separate labelled containers and sent to
pathology for hemotoxylin and eosin (H&E) staining and
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TABLE I
COMPARISON OF ELASTICITY VALUES FOR DIFFERENT REGIONS AND MEASUREMENT TECHNIQUES ON CIRS 049 PHANTOM

Measurement Technique Hard Inclusion (kPa) Medium Inclusion (kPa) Background (kPa)
S-WAVE (mean±std) 50.0±7.9 37.5±8.2 22.2±5.5

Magnetic Resonance Elasticity [38] (mean±std) 49.4±16.9 36.4±2.0 22.3±3.0
Manufacturer’s Datasheet Values 62 54 29

Fig. 4. B-mode image showing the regions used to average the
elasticity for the two inclusions (dotted lines) from CIRS 049 phantom.
The solid white box is the region used for the background.

cancer identification. An expert pathologist from BC Cancer
then reported the presence and location of cancer within the
cores. Using an automatic transperineal biopsy registration
technique [40], following the needle template, pathology of
the cores were mapped to the B-mode and S-WAVE volumes.
An extended cancer correlation analysis has not yet been
performed, the complete study will involve using classification
methods similar to those used in the Prostatectomy study
(Section III-B.1) to compute the accuracy of using this system
to detect cancerous tissue by comparing them to the biopsy
results.

IV. RESULTS

As a demonstration of the full system both phasor dis-
placement and absolute elasticity images are presented from
the CIRS 066 prostate phantom. For the patient studies,
interpolated transverse absolute elasticity images are displayed
side-by-side with their corresponding pathology.

A. Phantom Results

In order to validate the Young’s modulus measurement, the
system was used to measure the elasticity of two inclusions
and the background material of the CIRS 049 phantom. The
measured values were then compared to the manufacturer’s
datasheet values as well as MRE measurements of the same
phantom. Fig. 4 shows a B-mode plane of this phantom
with the regions that was selected to average the elasticity
values for the two inclusions and background. The results are
summarized in Table I and illustrated graphically in Fig. 5.

Fig. 5. Elasticity value of the inclusions and background of the CIRS
049 phantom obtained from our prostate S-WAVE system, MRE, and
Manufacture provided datasheet. The box plot represents the median,
interquartile range, max/min, and outliers of elasticity measured using
our S-WAVE system for the selected regions.

The results show that the elasticity values match very
closely with MRE measurements. As described in the MRE
study, the differences between the quantitative prostate vibro-
elasticity results and the manufacturer’s datasheet values are
likely due to issues with aging and hydration of the phantom
and the controlled temperature at which the measurements
were made [38]. Nevertheless, the values for all three mea-
surement techniques show the same trend.

The CIRS 066 prostate elasticity phantom was used to
replicate a clinical setup and verify the feasibility of using
the entire system as intended to measure the Young’s modulus
of the prostate gland. This was done by computing absolute
elasticity maps of the phantom for the entire volume. In all
the images, the horizontal axis runs from inferior to superior
(i.e. the apex of the prostate phantom is located on the left
side of the sagittal image and base on the right). The vertical
axis is the axial line of the ultrasound image and runs from
the probe (at the bottom of the image) upward.

To demonstrate the intermediary step of detecting the shear
wave within the prostate phantom, the phasor displacement
image (in microns) at plane 26 and 70 (which corresponds to
a roll angle of -22.5◦ and +17.1◦) for each frequency is shown
in Fig. 6. Each image shows the projected steady-state shear
wave. The local spatial wavelengths of this wave can be seen
to get smaller for higher temporal excitation frequencies. Also,
since inclusions are also visible in these planes (compare with
elasticity images in Fig. 6), the reader may be able to see the
increase in wavelength seen in the stiffer regions.

Fig. 6 also shows the absolute elastography results in kPa
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Fig. 6. For roll angle of -22.5◦ and +17.1◦, this figure shows the B-mode, Multi-frequency phasors (144 Hz, 165 Hz, and 181 Hz), and Absolute
Elasticity results from CIRS 066 prostate phantom. The red salt-and-pepper noise in the phasors result from the fact that there are no scatterers
present in the region surrounding the simulated prostate. The scatterers produce the speckles in an ultrasound image that are needed for the tissue
motion tracking. Positive identification of two hard inclusions can be seen from the two absolute elasticity images.

for planes for these two roll angles. The elastic modulus
was computed by averaging the results from transperineal
excitation at 144 Hz, 165 Hz and 181 Hz. It can be seen
from the figure that the estimated elasticity calculated for
the hard inclusions and the surrounding simulated tissue are
around 42 kPa and 18 kPa, respectively. This falls within the
range previously determined based on real prostate tissue and
manufacturer provided estimation of the inclusion stiffness
(47.7 ± 17.7 kPa for the hard inclusions and 15.9 ± 5.9 kPa
for simulated tissue).

B. Patient Results
The results for the two different patient studies are presented

here. The first is a summary of published results from the
Prostatectomy Study. The second contains a preliminary qual-
itative comparison of S-WAVE images with registered whole-
gland biopsy results from the Focal Therapy Study.

1) Prostatectomy Study: Fig. 7 show examples of the com-
parison between the transverse absolute elasticity slice and its
corresponding histopathology slice for two different patients.
The excitation frequencies used to compute the average elas-
ticity were 75 Hz, 77 Hz and 80 Hz. These images show a
good correlation between the stiffness of a region and posi-
tively identified cancerous tissue from pathology. When using
absolute elasticity images along with the phasor images to
create a multi-parametric classifier to identify prostate cancer
in the peripheral zone, an area under the receiver operating
characteristic curve of 0.82± 0.01 was achieved [34].

2) Focal Therapy Study: Biopsy cross-sections are regis-
tered with the interpolated transverse slices of the B-mode and
elastography volumes using the automatic biopsy core registra-
tion technique. Fig. 8 show the B-mode and the corresponding
absolute elasticity image of two transverse slices from two
patients in which cancerous regions were identified based on
the pathology of the biopsy cores. The last column in these
figures show the registered biopsy cores where: green, blue,
and red circles indicate samples that are benign, positive (con-
tains malignant tissue but in a different plane), and malignant

(contains malignant tissue in the current plane), respectively.
Orange circles identify grid locations of the needle template
used to guide needles during biopsy. Due to the possibility
of needle bending, cores are not always extracted from the
template grid locations as can be seen for some of the cores
in Fig. 8.

For these cases, it can be observed that cancerous identified
cores are generally stiffer than surrounding tissue as measured
by our elastography system. False positive results are also
present such as the stiffer region seen at the bottom left
of the prostate image in the second row of Fig. 8b, which
has some corresponding negative cores. These and any other
negative correlations could be due to a number of different
biological phenomena, such as calcification and edema, which
will be investigated in a further study. Furthermore, as the
patients recruited in this study had early stage cancer, the
cancerous regions are not expected to be significantly stiffer
than surrounding tissue.

V. DISCUSSION & CONCLUSION

This article has outlined a new ultrasound elastography plat-
form that can be used to measure and display the 3D absolute
value of the stiffness of tissue in quasi-real time. A specific
implementation of the system that can be used for prostate
imaging to help with identification of cancerous tissue has
been described. The elasticity is computed by averaging the
values obtained from several frequencies which can be applied
simultaneously. The system has been validated, using two
CIRS elastography phantoms and two clinical patient studies
to perform elastic modulus measurements of the prostate. The
results from the phantom validation show strong agreement
with MRE measurements. For the two clinical studies, a
numerical and visual correlation between stiff elasticity values
(as measured by our system) and cancerous regions (identified
in pathology) has been also demonstrated. We are currently
using this system in a new clinical study (OPTiMAL Therapy)
at BC Cancer (Vancouver, Canada) investigating the use of
dual strength doses in LDR-PB to minimize radiation to
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Fig. 7. The comparison of histopathology images showing positively identified cancerous regions within the dotted blue lines (left) to B-mode
images (middle) and the absolute elasticity values (right) for different slices in patient 6 (a) and patient 7 (b) from the Prostatectomy Study.

healthy tissues. Future work includes an extended analysis of
the Focal and OPTiMAL therapy study data to further quantify
the correlation between absolute elasticity as measured by
this system and cancerous tissue. Furthermore, it should be
noted that a simple averaging of the elasticity values from the
different frequencies does not take into account variables such
as 1) the quality of the phasor fit, 2) viscous components that
could create a frequency dependence in the response of the
measured tissue, 3) shear wave pattern artifacts at medium
boundaries and 4) “nodes” or low amplitude displacement
points that can make phasor fitting unreliable. The use of a
method that takes into account all of these effects may help
make the results more robust and repeatable.
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