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Abstract. In this article an ultrasound elastography technology is re-
ported which provides quantitative images of tissue elasticity from deep
soft tissue. The technique is analogous to Magnetic Resonance Elastog-
raphy in the use of external mechanical vibrations which can penetrate
deep tissue. Multifrequency steady-state mechanical vibrations are ap-
plied to the tissue at the skin and tissue displacements are measured
by a conventional ultrasound system. Absolute values of tissue elastic-
ity are computed in real-time for each frequency and displayed to the
physician. The quantitative elasticity images produced by the technol-
ogy are validated with magnetic resonance elastography images as the
gold standard on standard elasticity phantoms. Preliminary in-vivo data
from healthy volunteers are presented which show the potential of the
technology for clinical use. The system is currently being used in differ-
ent clinical studies to image kidney fibrosis, liver fibrosis, and prostate
cancer.

1 Introduction

Elastography has emerged as an imaging modality providing new information to
the clinician about the mechanical properties of tissue [1]. It has found a place
in the imaging of breast lesions [2], liver fibrosis [3], and is being investigated
in many other clinical areas such as targeting of prostate cancer for biopsy and
focal therapy [4].

The first generation of elastography technology was developed on ultrasound
machines [5] and created images of relative elasticity of tissue. The clinician
applied a manual compression with the probe to deform the tissue, and the
elastography system measured the tissue strain. Under certain assumptions, the
tissue strain is inversely proportional to the tissue stiffness, and therefore strain
images can show the contrast in tissue stiffness. The first generation elastography
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is now available on many medium to high-end ultrasound systems under different
brand names such as elastography, strain imaging, real-time elastography, etc.

The general trend in radiology towards quantitative imaging, together with
the difficulties in applying the manual compression, called for more innovation
and through the efforts of different groups, second generation elastography tech-
nologies were born [6, 7]. A second generation elastography technique creates
quantitative elasticity images where the contrast in the image is the absolute
elasticity of the tissue.

Elastography has been developed primarily with ultrasound or magnetic res-
onance imaging [8] as the underlying imaging device to track tissue displace-
ments. To cause tissue displacements, different methods have been devised with
mechanical transient excitation [2], mechanical steady-state excitation [8,9], and
acoustic radiation force (shear wave) transient excitation [6, 7] to name a few.

The majority of the magnetic resonance imaging techniques use a steady-
state mechanical excitation to image the tissue elasticity [8, 10, 11]. The idea
is to measure the wavelength of the steady-state wave patterns in the tissue
from which the wave speed can be estimated. The wave speed depends on the
mechanical properties of tissue, and is generally higher in stiffer tissue compared
to softer tissue.

The reported technology uses analogous techniques as used in magnetic res-
onance elastography for ultrasound elastography. A steady-state mechanical vi-
bration is applied to the tissue while the tissue is imaged by the ultrasound.
From the sequence of ultrasound images, the tissue displacements and wave pat-
terns are computed. The local wavelength of the wave pattern is then estimated
to create a map of the tissue stiffness which is displayed in real-time.

This article gives an overview of the technology and reports the most recent
advances. In particular we report the first direct comparison of the technique
with MRE on a standard quality assurance phantom. Steady-state excitation
was first used in sonoelasticity to image tissue stiffness [12]. It has also been
used before to produce MRE-type elasticity images [13]. However this is the first
report of an implementation for “real-time” operation with “free-hand” conven-
tional ultrasound. Two novel ideas which have enabled these advances are the
use of a “thin-slice” consisting of a few planes for 3D data acquisition, and the
fast implementation of all the image processing pipeline on a graphics processing
unit (GPU). These advances are reported for the first time in this article. Based
on these qualities, the technology holds promise for ultrasound guided proce-
dures, such as biopsies, by providing additional quantitative information to the
clinician.

2 Methods

The system has been implemented on a SonixTouch platform (Ultrasonix Med-
ical Corp., Richmond, BC, Canada) (Fig. 1 (a)). Two prototype systems have
been developed based on the Texo and Ulterius software development kits. A
mechanical vibration source (LDS V203, LDS/B&K, Norcross, GA) has been
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mounted on the flexible arm of the SonixTouch. The hardware of the system
has been upgraded with a CUDA supporting graphics card (GTX 580 GPU,
NVIDIA, Santa Clara, CA). The SonixTouch collects the RF-data which are
then transferred to the memory of the graphics card. All the computational al-
gorithms for absolute elastography have been implemented in CUDA and run
on the GPU in real-time. The absolute elasticity images are transferred back to
the CPU memory and displayed.

(a) (b)

Fig. 1. (a) A photo of the actual elastography system with the vibration source
mounted on the SonixTouch arm (b)The 4DL14-5 3D probe and the thin volume of
displacement data acquired from 7 planes

The image processing pipeline of the system is shown in Fig. 2. The RF-data
are processed by the speckle tracking block to find the time-domain displace-
ments, which are then converted to frequency-domain displacements or phasors
by a Fourier transform for each frequency in the excitation. The phasors are
then passed through the inversion algorithm. An algorithm used for the speckle
tracking is described in [14] and different algorithms for the inversion are com-
pared in [15]. Here we used the Local Frequency Estimation method [8]. Average
computational times are compared in table 1 for CPU vs. GPU on test data sets.

The system can be used with 2D and 3D probes to perform absolute elastog-
raphy. With 2D probes, the variations of the waves in the elevational direction
cannot be observed and measured. As a result, the elasticity images obtained
with 2D probes suffer some over-estimation in the elasticity values (10 to 60

Fig. 2. Image processing pipe-line
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Table 1. Comparison of computational time between CPU and GPU implementations
of the elastography algorithms

CPU time (ms) GPU time (ms)
Core i5 660@3.33GHZ GTX 480

Speckle Tracking 1600 50

Fourier Transform 110 9

Inversion 1800 12

percent is typical). The error has some dependency on the placement of the vi-
bration source. The major benefit of 2D probes, however, is the faster acquisition
of US data which results in a higher frame rate.

The elastograms obtained with 3D probes are more accurate and robust, but
they suffer from a lower frame rate. A thin volume (typically consisting of 5
to 7 planes) is acquired to capture the variation of the wave in the elevational
direction (see Fig. 1 (b)). Currently the system generates elasticities at a rate of
1 image every 2 seconds with a 4DL14-5 3D probe and 80mm depth of imaging.

Fig. 3 shows variation of the wave pattern (real part of the displacement
phasor) in the elevational direction as measured by a 3D probe in two different
configurations. By comparing the two cases, it can be observed that by changing
the placement of the excitation source relative to the probe, the variation of
the displacement in the elevational direction can be minimized. In this case a
relatively accurate estimate of the elasticity can be obtained by using a 2D probe.

(a) (b)

Fig. 3. The variation of displacement in the elevational direction depends on the place-
ment of the excitation source (a) more variation (b) less variation in the elevational
direction

3 Validation with MRE

The mechanism of creating waves in the tissue by steady-state mechanical vi-
bration is analogous in the reported system and MRE. The methods which are
used to invert the wave patterns and compute the elasticities are also analogous.
Therefore, one would expect that an absolute elastogram produced by the re-
ported system should have the same appearance and values as an MRE absolute
elastogram, as a gold standard.
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To prove this hypothesis, experiments were performed with a standard elas-
ticity phantom; The elasticity quality assurance phantom model 049 (CIRS Inc,
Norfolk, VA, USA) was imaged using a 3T Achieva MRI system (Philips Inc,
Netherlands). This phantom includes different spherical inclusions of varying
stiffness and sizes. The frequency of excitation was 200Hz. The elastogram ob-
tained for a horizontal plane passing through the larger inclusions is shown in
Fig 4(a).

The same phantom was imaged using a 4DL14-5 linear 3D probe (Ultra-
sonix Medical Corp., Richmond, BC, Canada) with the system. The probe was
mounted on a linear stage and moved along the long axis of the phantom to
image a larger area covering multiple inclusions. The vibration was applied with
the arm mounted voice coil of the system at 200Hz. At each location of the linear
stage, a slim volume of ultrasound data was acquired and used to reconstruct
a single plane of elasticity (mid-plane of the slim volume). By moving the 3D
probe to a new position, another elasticity plane was produced and so forth. By
putting these single plane elasticity images together a whole volume elasticity
map was produced. The result is shown in Fig. 4(b). A comparison of Figs 4(a)
and 4(b) provides some evidence for the validity of hypothesis. The elasticity
values obtained from the two methods are reported in table 2 as well as the
manufacturer values.

(a) (b)

Fig. 4. (a) Magnetic Resonance Elastography and (b) Ultrasound elastography images
acquired by the system

Table 2. Comparison of average elasticity values between MRE, ultrasound elastog-
raphy, and manufacturer values

MRE (kPa) US/E (kPa) Man. (kPa)

Softest Inclusion 8 9.5 6

Soft Inclusion 17 17 17

Hard Inclusion 42 40 54

Hardest Inclusion 54 45 62

Background 24 24 29

4 In Vivo Results

The system has been used to image different tissue in-vivo and ex-vivo with
different probes. In this section, a sample of the data collected so far is reported.
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The 4DL14-5 linear 3D transducer was used to image the liver of consenting
healthy volunteers in-vivo to a depth of 80mm. The transducer was placed on
the side of the patient and images were obtained intercostally. A multi-frequency
excitation, consisting of 50, 80, and 100 Hz components was applied via the
external vibrator. As with MRE studies, we observe that the elasticity increases
as a function of frequency [16]. The trend can be seen in the elastograms of a
volunteer, at the three frequencies, shown in Fig. 5. In all the images, a stiffer
layer corresponding to intercostal muscle can be observed near the skin, while
the liver has a fairly homogeneous appearance in the elastogram.

Fig. 5. The frequency dependence of elasticity from a healthy volunteer liver (a) B-
mode image (b) elastogram at 50 Hz, (c) elastogram at 80 Hz, (d) elastogram at 100
Hz

Fig. 6. Top: MRI image and MRE image at 56 Hz, Bottom: B-Mode and elastogram
from a healthy volunteer liver averaged between 55 and 60 Hz, obtained with a low
frequency curved 3D transducer
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In another experiment, a comparison was made between MRE and the pro-
posed system. The 4DC7-3 curved transducer was used to image the liver of a
consenting healthy volunteer at 55 Hz and 60 Hz down to a depth of 150mm.
The transducer was placed on the side of the volunteer and images were obtained
intercostally. The B-mode and average elasticity images are shown in Fig. 6 as
well as the MRE data of the same volunteer collected at 56 Hz. The range of
values observed are similar in both elastograms. However, a more carefully de-
signed experiment is needed with registration of the ultrasound and MRI images
before a conclusion can be made.

5 Conclusion

In this article an ultrasound elastography technology is reported which is analo-
gous to magnetic resonance elastography in the type of excitation and inversion
algorithms used. The absolute elasticity values obtained by the system are val-
idated against MRE values as a gold standard on a quality assurance elasticity
phantom. At low frequencies (30-100 Hz) the mechanical vibrations can pene-
trate deep tissue, and provide the necessary displacements for measurement of
tissue elasticity at depths of 150mm. Typical in vivo elastograms obtained by
imaging healthy volunteer livers with different transducers are reported. The
values reported are similar to the values reported in the literature from MRE
studies.
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